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 Layered transition metal dichalcogenides (LTMDs) are a family of 
materials sharing van der Waals layer structures. Many of these compounds 
are stable in its monolayer form, which is effectively two-dimensional (2D) 
due to its atomic thickness. The physical and chemical properties of 2D 
LTMDs are governed by the partially filled d-orbitals, which make them 
distinct from graphene whose properties are largely defined by pi-electrons. 
LTMDs exhibit polymorphism in which the relative stability of different 
phases is related to the d-electron count of the metal cations. For instance, 
addition and removal of d-electrons result in structural changes between 
different polymorphs that exhibit distinct properties. Metastable 1T phase of 
MoS2, which exhibits contrasting properties from pristine 2H-MoS2, has 
recently received significant attention. In this thesis, charge-induced structural 
changes in group 6 transition metal dichalcogenides such as MoS2 and WS2 
are investigated. We have investigated the phase changes induced by reducing 
chemical agents such as n-BuLi and LiBH4 and with the help of Raman 
spectroscopy and transmission electron microscopy. We discuss metastability 
of emerging phases and reversibility of phase transformation. 
 We also report in-situ observation of dynamic structural evolution of 
one-dimensional bonding network in single layer WS2 induced by electron 
beam irradiation. Metastable zigzag chains of tungsten atoms are found to 
undergo reconstruction, resulting in formation of tungsten tetramer clusters 
and zigzag chains with a new orientation. Our first principles calculations 
reveal a small (~0.1 eV per formula unit) activation energy barrier for 




the form of tetramer clusters. The formation of local tetramer clusters indicate 
that this dynamic structural evolution is not a charge density wave 
phenomenon but a response to local electronic instabilities that weaken the W-
S bonds in the zigzag phase.  
 We further report on the preparation of mono- and bi-layer 
molybdenum disulfide (MoS2) from a bulk crystal by facile wet chemical 
etching. We show that concentrated nitric acid (HNO3) effectively etches thin 
MoS2 crystals from their edges via formation of MoO3. Interestingly, etching 
of thin crystals on a substrate leaves behind unreacted mono- and bilayer 
sheets. The flakes obtained by chemical etching exhibit electronic quality 
comparable to that of mechanically exfoliated counterparts. Our findings 
indicate that the self-limiting chemical etching is a promising top-down route 
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CHAPTER 1 Introduction 
 
1.1 Background 
 Graphene had been the holy grail of material researchers since 1940s
1
 
as few scientists believed that it would be possible to isolate a single layer of 
graphene and to investigate its extraordinary electronic properties (100 times 
greater in plane conductivity than between planes). However  Novoselov et 
al.
2
 demonstrated mechanical cleavage or exfoliation of graphite down to a 
single monolayer in 2004 and were awarded the Nobel Prize in Physics in 
2010. This further ignited the field of layered materials which has grown 








. Graphene shows interesting and exciting 
properties such as high carrier mobility
7






, giant optical 
absorption
8
 and so on. However, the absence of band gap limits its application 
in semiconductor electronics and optics. With a view to develop two-
dimensional (2D) electronics and optics, other classes of 2D materials such as 
semiconducting layered transition metal dichalcogenides (LTMDs) have 
attracted tremendous amount of attention in the past several years. LTMDs 
have the general chemical formula of MX2 type where M is a metal (Mo, W, 
Re, etc.) and X is a chalcogen (S, Se and Te), e.g. MoS2, WS2, ReS2, etc. 
 An extensive list
9 
of layered compounds that have been or can be 
mechanically exfoliated is found in Table 1.1. Recent development in 
atomically thin sheets of LTMDs has shown great promise in their 
applications in electronics and optoelectronics. Demonstration of high 
performance field-effect transistors
10









years. Group 6 LTMDs are stable semiconductors with band gaps ranging 
from 1eV to 2eV. In their atomically thin forms, they hold promise in a wide 
range of potential applications including flexible solar cells, biointegrated 
electronics, flexible displays, smart windows, catalysis, energy harvesting, gas 







. Many of these compounds become superconducting upon 
alkali metal intercalation or surface doping
17
.  
Table 1.1 Layered crystal Structures that have been or may potentially be 
mechanically exfoliated. 
Monochalcogenides GeSe, GeTe, GaSe, GaS, .... 
Dichalcogenides VSe2, NbSe2, TiS2, ZrS2, HfS2, ReS2, PtS2, TiSe2, 
ZrSe2, HfSe2, ReSe2, PtSe2, SnSe2, TiTe2, ZrTe2, VTe2, 
NbTe2, TaTe2, MoTe2, WTe2, CoTe2, RhTe2, IrTe2, 
NiTe2, PdTe2, PtTe2, SiTe2, NbS2, TaS2, MoS2, WS2, 
TaSe2, MoSe2, WSe2, MoTe2, SnSe2, SnS2, ............... 
Trichalcogenides Bi2Se3, Bi2Te3, Sb2Te3, Bi2S3, In2Se3, As2S3, As2Se3, 
NbSe3, TiS3, ZrSe3, ZrS3, ZrTe3, HfS3, HfSe3, HfTe3, 
NbS3, TaS3, TaSe3, ...... 
Group IV Graphene C, Graphane CH, Fluorographene CF, 
Silicene Si, Germanane GeH. 
MXenes Ti3C2, Ti2C, Ta4C3, Ti3(Co0.5N0.5), .... 
Potential 2D Zintl 
Hosts 
CaSi2, CaGe2, Ca(Si1-xGex)2, Ba3Sn4As6, CaMg2N2, 
CaIn2, CaNi2P2, CaAuGa, .... 
Halides FeCl3, FeBr3, CrCl3, CrBr3, MoCl3, MoCl3, MoBr3, 
TiCl2, TiBr3, InBr3, PbI2, FeCl2, MgCl2, CoCl2, VCl2, 
VBr2, VI2, CdCl2, CdI2, ......... 
Oxides MoO3, V2O5, WO3, ..... 
Nitrides BN 




Egyptian blue, ...... 





1.2 Composition and electronic structure of LTMDs 
 Many transition metal dichacogenides (TMDs) crystallize in a 
graphite-like layered structure that results in strong anisotropy in their 
electrical, chemical, mechanical and thermal properties
18
. Group 4–7 TMDs in 
Figure 1.1 are predominantly layered, whereas some of group 8–10 TMDs are 
commonly found in non-layered structures. Single monolayer of LTMDs have 
a thickness of 6-7Å and consists of hexagonally packed layer of metal atoms 
sandwiched between two layers of chalcogen atoms (S, Se, Te). The oxidation 
states of metal and chalcogen atoms in group 6 LTMDs are +4 and -2, 
respectively. These layered crystals are characterised by their strong in-plane 
covalent bonds and weak van der Waals forces in between the layers which 
allowed them to be exfoliated into individual monolayers. Besides the well-
known micro-mechanical cleavage technique, 2D nanosheets or single 










Figure 1.1 Highlighted metals form layered structures with chalcogens (S, Se, 
Te) and the partial highlights of Ni, Co, Rh and Ir indicate that only some of 







 The electronic properties of LTMDs strongly depend on the d-electron 
count of the transition metals and their coordination environment (S, Se, Te). 
An array of electronic properties which are summarised in Table 1.2 can be 
explained with the help of Ligand field theory (LFT). 
Table 1.2 Electronic properties of different LTMDs
14
. 
Group Metal Chalcogen d-electron 
count 
Properties 
4 Ti, Hf, 
Zr 




5 V, Nb, 
Ta 
S2, Se2, Te2 d
1




6 Mo, W S2, Se2, Te2 d
2
 Sulfides and selenides are 
semiconducting (Eg=1eV). 
Tellurides are semimetallic. 
Diamagnetic 
7 Tc, Re S2, Se2, Te2 d
3
 Small gap semiconductors. 
Diamagnetic 
 
 Irrespective of the different phases of LTMDs, the non-bonding d 
bands are located within the gap between the bonding (σ) and antibonding (σ*) 
bands of M-X bonds as illustrated in Figure 1.2. Octahedrally coordinated 






 (eg) and dxy, yz, zx (t2g) whereas 







, xy (e), dxz, yz (e’) with a sizeable gap (1 eV) between first two groups of 
orbitals. Thus a diverse electronic properties of LTMDs arise from the 
progressive filling of the non-bonding d bands from group 4 to group 10 
species. When the orbitals are partially filled such as in the case of 2H-NbSe2 
the compound exhibits metallic conductivity. When the valence orbital is fully 
occupied, such as in 2H-MoS2 and WS2, the material is a semiconductor
14
. 2H 
represents the hexagonal symmetry in the crystal structure. There are some 
exceptions to this simple rule. For example, ReS2 with d
3




expected to behave as a metal but due to the strong distortion of its crystal 
lattice and formation of tetrameric clusters of Re atoms, an energy gap opens 
up making it a semiconductor. The effect of chalcogen atoms on the electronic 
structure is minor compared with that of metal atoms, but a trend is still 
observed: the broadening of the d bands and corresponding decrease in band 
gap with increasing atomic number of chalcogen. For example, the band gap 





Figure 1.2 Electronic band structure for groups 4, 5, 6, 7 and 10 LTMD 
compounds
14
. The light blue and dark blue areas represent unfilled and filled 
states respectively. In case of group 5 and 7, the non-bonding d orbital is 
partially filled and the Fermi level, EF is within the band thus rendering them 
metallic. In groups 4, 6 and 10, the non-bonding d-orbital is either empty or 
fully filled and the Fermi level, EF is in the bad gap between the d-orbitals thus 
making them semiconducting.  
 
1.3 Polymorphism in LTMDs 
 A polymorph or polytype of a LTMD compound is determined by two 
distinct structural variations: 1) stacking arrangement of monolayers and 2) 
transition metal coordination. Strictly speaking, LTMDs with the same metal 






1.3.1 Polymorphism arising from stacking single layers 
 2H and 3R are the two polytypes that are commonly observed in both 
synthetic and natural crystals of various LTMDs. They both exhibit trigonal 
prismatic coordination. 2H-MoS2 is common in natural molybdenite crystals. 
While 2H-MoS2 has hexagonal symmetry with two S-Mo-S units per primitive 
cell, 3R-MoS2 has rhombohedral symmetry with three S-Mo-S units per 
primitive cell (Figure 1.3). 3R- MoS2 is metastable and converts to stable 2H-
MoS2 upon annealing. Wang et al.
25
 demonstrated the synthesis of 3R-MoS2 
by the thermal decomposition (450 °C or 850 °C) of acidified precipitate of 
MoS3 obtained from ammonium tetrathiomolybdate ((NH4)2MoS4). 
 
Figure 1.3 Side view schematic illustration of 2H and 3R polytypes in MoS2. 





1.3.2 Polymorphism arising from variation in atomic coordination 
 LTMDs are different compared to other layered materials like 
graphene and hexagonal boron nitride (h-BN) in that they occur in various 
phases or polymorphs. The presence of partially filled d-orbitals of metal 
atoms is mainly responsible for their polymorphic behaviour. Phase 
transformation can be induced either by alkali metal ion intercalation or by 
transition metal (like Re) ion substitution of metal atom in a LTMD. There are 
different variations of polymorphs that can be characterized by periodic 
distortions of the lattice. They typically exhibit characteristic metal-metal 
bonding network as will be discussed in later sections. Ataca et al. 
summarised the stable phases of 44 different combinations of layered 




1.3.3 Alkali metal ion intercalation 
 Intercalation chemistry of LTMDs with alkali metals is known from 
early studies
24
. Alkali metal intercalation of MoS2 has been known to yield 
superconducting compounds such as LixMoS2
28
. Naturally occurring MoS2 has 
trigonal prismatic (2H) coordination and upon electron donation from 
reducing agent such as n-butyllithium (n-BuLi) or Lithium borohydride 
(LiBH4), the d-orbital electron density increases and induces destabilization of 
pristine 2H phase and transformation to octahedral (1T) phase. The first 
pioneering work on intercalation mediated phase transformation of MoS2 from 
2H to 1T was reported by Py and Haering in 1983 where an organometallic 
intercalating agent, n-BuLi was used
29
. Later in 1986, Joensen et al.
21
 explored 




intercalated bulk powders in water to form colloidal suspensions of 
monolayers of MoS2. In 1991, Sandoval et al.
30
 predicted the presence of 
distorted octahedral phase (ZT) in chemically exfoliated MoS2 which was later 
confirmed by Qin et al.
31
 with the aid of scanning tunnelling microscope 
(STM). ZT phase is also referred to as 1T’ or β phase by several groups32. 
Phase transformation of a trigonal prismatic 2H phase to an octahedral 1T 
phase involves gliding of sulfur atomic plane as shown in Figure 1.4. 
 




 of top view and side view of trigonal 
prismatic (2H) and octahedral (1T) phases of LTMDs. Blue atoms indicate 
metals atoms and yellow atoms indicate chalcogens. 
 
 The structure of chemically exfoliated monolayer 2H- and 1T-MoS2 




transmission electron microscope (HAADF-STEM) by Eda et al.
32
. ZT phase, 
which is a distorted 1T phase also known as 1T’ phase (Figure 1.5a), was also 
observed in chemically exfoliated monolayer MoS2 and in Li-intercalated 




. The ZT structure is characterized by a 
periodic distortion of the lattice resulting in transition metals forming metallic 
bonds with two of its neighbouring metal atoms. The metal bonding network 
can be described as an array of one-dimensional (1D) zig-zag chains.  
 Apart from the 1T and ZT polymorphs, 1T” phase also called DT-
phase was observed in MoS2 by Wang et al. using in-situ high resolution 
transmission electron microscopy (HRTEM)
34
. The ZT and DT phases have 
distorted octahedral coordination with metal-metal bonds forming networks 
unlike in case of 2H and 1T phases. The ideal ZT and DT phases have 2×1 and 




 illustration of the in-plane structure of (a) ZT, and (b) 





 Studies suggest that emergence of variations of 1T phases can be 
correlated to the various factors associated with n-BuLi treatment and 
subsequent cleaning with water or ethanol as shown in Figure 1.6 and is 
illustrated by Kan et al.
36
. Here, the phase transformation is explained in terms 
of ligand field theory (LFT). Trigonal prismatic coordinated metal center in 






, dxy (e) and dyz, dzx (e’) in the 
order of their increasing energies. Metal atom in MoS2 (M=Mo, W and X=S, 
Se, Te) is in +4 oxidation state and thus in d
2
 configuration. Thus the two 
electrons occupy the lowermost dz
2
 orbital in paired configuration. However if 
0.5 electron is added per MoS2 i.e 25% of doping (indicated by broken arrow 
in Figure 1.6), the added electron goes to one of the d-orbitals of next higher 
energy thus making it (2H
-
) unstable due to large increase in the free energy of 
the system. So, the d-orbitals in the lattice rearranges themselves to form triply 







) orbitals of higher energy thus making the structure comparatively 
stable by the uniform filling of all t2g orbitals while changing the atomic 
coordination to octahedral (1T). However this makes the 1T-MoS2 higher in 
energy by 0.85eV (MoS2). Upon further doping i.e doping 1 electron per MoS2 
to form LiMoS2, the crystal structure changes to distorted octahedral. This 
results in Mo-Mo clustering where the Mo4 tetramerised diamond shaped units 
link together to form one- dimensional chains or ribbons resulting in 2×2 





Figure 1.6 Schematic illustrating the change in the electron count during the 
evolution of phase from 2H to ZT. Broken red arrow indicates 0.5 electron.  
 
 Upon reaction with water/ethanol, the alkali metal oxidises, leading to 
substantial de-doping of the MoS2 layers. Loss of electron doping results in 
decrease in d electron count and destabilization of the DT structure. Partial 
residual doping, which may be adsorbed counter ions then stabilizes zig-zag 
phase (ZT or 1T’). However ZT phase is observed to be metastable and the 
amount of charge left on it is debatable (d
2+x
). 1T, ZT and DT phases are 
metastable and convert to 2H phase upon annealing. 
 Apart from the above, a √3×√3 superlattice with trimeric arrangement 
of metal atoms is also predicted to exist in chemically exfoliated MoS2
37
. Both 
2×2 superlattice (DT or 1T”) and trimeric √3×√3 superlattices are yet to be 
observed in monolayer MoS2 by HAADF-STEM. A short summary of some of 
the LTMDs and their stable phases is shown in the following table. 
Table 1.3 Crystallographic structure type of LTMDs. RT represents room 
temperature. 
LTMD (MX2) Phase 
TiS2, TiSe2, TiTe2 1T (RT) 




HfS2, HfSe2, HfTe2 1T (RT) 
NbS2, NbSe2 2H (RT) 
TaS2 1T (RT) 
MoS2, WS2 2H (RT), 
MoSe2, WSe2 2H (RT) 
MoTe2 2H (RT) and ZT 
(T>900 °C) 
WTe2 ZT (RT) 
ReS2, ReSe2 DT (RT) 
 
1.3.4 Reaction mechanism 
 n-Butyllithium (n-BuLi) diluted with hexane is a popular 
organometallic reagent for intercalating Li
+ 
ion into layered materials due its 
strong reducing power and small sized intercalant lithium ion. When n-BuLi 
(C4H9Li) is reacted with MX2 (M=Mo, W and X=S, Se, Te), the following 
reaction is believed to take place: 
          
                
                      
 
 
      
 
 
     
Here, the electron from butyl ion reduces the sheets of MX2 to generate 
negative charges on the surface, which attracts the positively charged lithium 
ions electrostatically into the van der Waals gap present between the layers to 
form LixMX2. Alternatively, MX2 can be intercalated with Li using LiBH4 as a 
source in a solid state reaction (300 °C for 3days) in which case the by-








contamination with organic products like butane and 2-Butene which are the 
side products while using n-BuLi. 
         
      
           
 
 
     
 
 
   
The LixMX2 reacts with water or ethanol to evolve hydrogen gas, as per the 
following proposed reaction route
37
. 
          
      
              
 
 
    
             
      
                 
 
 
    
 It is speculated
21
 that the hydrogen gas evolved from the redox reaction 
between the interlayer lithium and water (or ethanol) physically ruptures the 
flake and also help in exfoliation. Apart from the above reactions, lithium ions 
can also react with sulphur ions of MX2 to form Li2X and metal (M). The 
whole process of intercalation-mediated exfoliation with LiBH4 is shown 
schematically in Figure 1.7 taking bulk WS2 as an example.  
 
Figure 1.7 Schematic illustrating the steps in the process of intercalation of 
WS2. 
 
 Apart from chemical intercalation, LTMDs can also be intercalated 
electrochemically as shown by Zhang’s group by using lithium metal as anode 




. All the above methods resulted in 




nanometres. In contrast, Zheng and co-workers
43
 produced large monolayers 
with lateral dimensions >5µm based on a modified chemical intercalation 
technique. In their method, LTMDs are pre-treated with hydrazine (N2H4) and 
later exfoliated with naphthalenides of either Li, Na or K. The reaction 
mechanism is almost similar to that of n-BuLi except that naphthalenide anion 
(C10H8
-
) acts as a reducing agent. 
 Lithium is lost in the form of LiOH (with water) or C2H5OLi (lithium 
ethoxide with ethanol) during the process of cleaning. It is speculated that 
certain amount of charges is retained on the nanosheets of LTMDs after 
chemical exfoliation, allowing them to be electrostatically stabilized in the 
colloidal suspension. Heising et al.
37
 estimated this excess charge to be 0.25 
per mole of MX2 by precipitation experiments with various alkali metal salts. 
Voiry et al.
44
 recently confirmed the presence of this excess charge by 
demonstrating that exfoliated sheets can be chemical functionalized with 
electrophilic molecules like Methyl Iodide, 2-Iodoacetamide. Calandra
45
 also 




1.3.5 Identification of 2H, 1T, ZT (1T’) and DT (1T”) phases 
 Spectroscopic techniques such as scanning transmission electron 
microscopy (STEM), Raman spectroscopy, photoluminescence (PL) 
spectroscopy and X-ray photoelectron spectroscopy (XPS) help in identifying 
the phases qualitatively and quantitatively to some extent. 2H, 1T, ZT and DT-





DT (1T”) phase is naturally observed in ReS2
46, 40
.  In principle, the presence 




associated with these phases using XPS, Raman and PL spectroscopy. X-ray 
photoelectron spectroscopy can be used to quantitatively identify the ratio 
between the 2H and 1T phases in materials
22, 44
 as a clear peak shift is 
observed in the high-resolution spectra of Mo and S ions. However, XPS 
studies so far have not been able to differentiate various forms of 1T phase. 
On the other hand, each phase of MX2 exhibits characteristic Raman 
fingerprint
47
. For instance, Raman spectra of ZT-MoS2 display modes called J1, 
J2 and J3 (Figure 1.8a) distinct from A1g and    
  peaks of pristine 2H-MoS2 as 
shown in Figure 1.8b.    
  and A1g modes correspond to the in-plane and out-
of-plane modes of vibration of S-atoms with respect to Mo atoms in a 
triatomic layer of MoS2. Experimental studies show that the intensity of A1g 
and    






 illustrating the J1, J2 and J3 modes of vibration of ZT 
phase (a) and Raman spectra of 2H and ZT MoS2 (b). 
 
 J1 peak is mainly composed of two peaks separated by 4-5 cm
-1
. The 
peak at 152.68 cm
-1
 corresponds to the anti-phase out-of-plane motion of each 
stripe of Mo atoms inside a single zig-zag chain and the other at 157.64 cm
-1
 
corresponds to the in-plane shearing mode of one stripe of Mo atoms with 
respect to the other stripe within the same zig-zag chain. The J2 peak at 227.3 
cm
-1




J3 peak at 331.1 cm
-1
 arise from the tendency of each zig-zag chain to break 
into two stripes of Mo atoms. 
 
1.3.6 Phase transformation via transition metal ion substitution 
 Phase transformation or the structural change can also be induced by 
introducing substitutional dopant within the crystal lattice of MX2 (e.g. Re 
atom substituting Mo leads to n-type doping). Enyashin et al.
49
 recently 
synthesised nanotubes of 1T-WS2/ MoS2 by Re doping. Their DFT calculation 
shows that the presence of Re results in reduction of the free energy of 1T 
phase below that of 2H phase. Lin et al.
35
 demonstrated spatially selected 
generation of 1T-phase in Re doped monolayer MoS2 by high-dose electron 
beam irradiation. The phase transformation was found to occur in multi-step 
structural modifications. The Re-substituted regions exposed to electron beam 
at high temperature results in the generation of a new phase called α-phase, 
which consists of two atomic strips of metal atoms (similar to ZT phase) 
separated by an angle of 60°. Each strip consists of zig-zag chains of 
molybdenum atoms with reduced Mo-Mo bond distance in comparison with 
pristine 2H-MoS2. At the intersection of the two strips of metal atoms, 1T 
phase is formed to release the strain (Figure 1.9). It is anticipated that such 







 illustrating the generation of 1T-MoS2 at the 
intersection of two stripes of α-phase. 
 
1.3.7  Alternate routes for phase transformation 
 Recently, it was reported that the hot electrons
50
 generated by 
plasmonic Au (gold) nanoparticles phase transform the crystal structure in 
MoS2 reversibly from trigonal prismatic (2H) to distorted octahedral (ZT). 
Calculations by Duerloo and coworkers also predicted the phase 
transformation in LTMDs can be achieved by strain engineering
51
. According 
to their calculations, the strain required for phase change is below the breaking 
threshold and the percentage of strain required depends on the specific TMD. 
MoTe2 is found to be the best candidate for 2H to ZT phase transformation via 





1.4 Metal-metal bonded networks 
 The unique feature of partially occupied or unoccupied d-orbitals of 
transition metals enables them to form an extended network of metal-metal 
bonds which can span over the entire crystal. Such networks are commonly 
seen in transition metal oxide compounds but they are also found in some 
phases of LTMDs. A metal atom with d
1
 electronic configuration can form 




 metal atoms can form two and three M-





centres with linkages between 60° and 120° are shown Figure 1.10a-d. M-M 
bonded extended networks are formed by linking these repeat units. M-M 
bonding in ZT phase of LTMDs and Na0.85Mo2O4 (Figure 1.10e) can be 
described as linking units shown in Figure 1.10b. LiVO2 is thought to have 
trimeric M-M bonded arrangement as in Figure 1.10f. DT-ReS2 and ReSe2 
consist of units shown in Figure 1.10b and 1.10c to form an extended structure 
with M-M bonded tetramer clusters (Figure 1.10g). The units of Figure 1.10a 
and 1.10c can combine to form a layer of rhombuses shown in Figure 1.10h 
while units of Figure 1.10c and 1.10d can combine to form an extended 









1.5 Motivation and objectives 
 The primary aim of this thesis is to investigate correlations between the 
chemical reactivity of MX2 and their atomic and electronic structure using 
various reducing and oxidising agents. The work presented in the thesis 
mainly focuses on the modification of crystal structure or atomic coordination 
of LTMDs during reactions with reducing reagents such as n-BuLi, LiBH4 and 
oxidizing agents such as HNO3. The modifications in the crystal and electronic 
structure were studied with the help of transmission electron microscopy 
(TEM), Raman and photoluminescence spectroscopy along with electrical 
measurements. Most of the previous work was focused on macroscopic 
observation of phase transformation with limited insight into its dynamics and 
mechanism. In particular, the structure and stability of extended metal-metal 
bonding network in common LTMDs such as MoS2 and WS2 has remained 
elusive due to stability of the samples and lack of high-resolution imaging 




unstable and changes to 2H phase upon mild annealing or electron beam 
irradiation. The unique phase behaviour of LTMDs makes them attractive for 
development of nanoscale phase change memory devices and field-effect 
transistors. We aim to develop a comprehensive understanding of the phase 
change behaviours in LTMDs and to propose chemical routes to engineering 
their structural and electronic properties.  
 
1.6 Chapter outline 
 This chapter gave a brief overview of LTMDs and their basic chemical 
and electronic properties with an emphasis on polymorphism which is one of 
the most unique characteristics of these materials. Chapter 1 also discusses the 
basic principles and reaction mechanisms required for understanding the 
following chapters. Chapter 2 describes the experimental techniques, Raman 
spectroscopy and transmission electron microscopy (TEM) and the advantages 
of HAADF-STEM over conventional transmission electron microscopy. 
Chapters 3-5 mainly discusses the effect of reducing and oxidising agents on 
the physical and atomic structure of LTMDs. Specifically, Chapter 3 discusses 
phase engineering of MoS2 with n-BuLi with a thorough discussion on phase 
transformation from 2H to ZT phase and its reversibility upon annealing. 
Layer-dependent phase-change behaviour of MoS2 is investigated with the aid 
of optical and electrical measurements. Chapter 4 mainly discusses the 
dynamic behaviour of zig-zag phase of WS2 (ZT-WS2) under the electron 
beam of HAADF-STEM. The structural instabilities observed in the metal-
metal bonded networks were supported and clarified by first principles 




concentrated HNO3 in thinning bulk MoS2 down to monolayer without any 
substantial changes in atomic coordination. Key findings of this thesis are 





CHAPTER 2  Material characterisation techniques 
 
2.1 Introduction 
 This chapter discusses the material characterisation techniques, Raman 
spectroscopy and transmission electron microscopy (TEM) used to 
characterise the structural properties of our MoS2 and WS2 samples. We focus 
on these two techniques because they offer significant amount of structural 
information and allow efficient investigation into the microscopic origin of 
phase transformation in these material system. Raman spectroscopy is a non-
destructive technique based on inelastic light scattering where vibrational 
modes are probed. Since this is an optical technique, structural information 
averaged over a probe size (typically ~1 µm in our experiments) is 
investigated. On the other hand, HAADF-STEM, which is a modification of 
TEM, allows direct imaging of crystal lattice at atomic resolution. This is a 
powerful tool and has been extensively used to study a range of 2D materials 
including graphene in recent years. In this short chapter, we describe the basic 
working principle of these two techniques and explain how they can be used to 
investigate phase transformation in 2D LTMDs. 
 
2.2 Raman spectroscopy 
 Raman spectroscopy is widely used to identify vibrational modes of 
molecules and solids. In this technique, the sample is illuminated with a laser 
beam and the scattered radiation is collected by a detector. When scattered 
photon has the same energy as that of incident photons, it is called Rayleigh 




lower or higher than that of incident photons is referred as Raman scattering or 
Raman Effect (Figure 2.1). Raman spectroscopy probes Raman shift or the 
difference in the energy of incident and scattered photons, which correspond 
to the vibrational energy of the material.  
 
Figure 2.1 Schematic illustrating different types of scattering originating from 




 Raman shift corresponds to the difference in energy between the two 
allowed rotational or vibration states. If scattered radiation has energy lower 
than that of incident radiation, it is referred to Stokes’ radiation and if the 
energy of scattered radiation is higher, it is referred to as anti-Stokes’ radiation. 
The former is accompanied with an increase in energy of the molecule 
whereas the latter is accompanied by a decrease in energy of the molecule. 
The difference in energy is typically reported in wavenumber (cm
-1
) which is 
directly proportional to energy. Stokes’ radiation is in general more intense 
than the anti-Stokes’ radiation. However even the intensity of Stokes radiation 
is small and a sensitive apparatus is needed for the study. 
 Raman activity of a molecule is related to the polarizability of the 




rotation or vibration must result in a change in the component of molecular 
polarizability. This rule is in contrast to the infrared and microwave 
spectroscopy wherein the molecular motion must manifest a change in the 
electric dipole of the molecule. 
 Vibrational modes that involve changes in the polarizability are Raman 
active while those involving changes in the dipole moment are IR active. Thus, 
the selection rules depend on both the symmetry and vibrational modes of 
molecules. Similarly for solids, the symmetry of the crystal structure 
determines the type of Raman active normal vibrational modes. As will be 
discussed in the following chapters, phase transformation of LTMDs results in 
changes in crystal symmetry and normal vibrational modes. Thus phase 
changes can be readily probed by Raman spectroscopy. 
2.2.1 Preparation of LTMD samples for Raman measurements 
 Samples for Raman measurements as outlined in chapter 3 and chapter 
5 were prepared on Si/SiO2 substrates. MoS2 crystal from SPI supplies was 
mechanically exfoliated using an adhesive scotch tape onto Si/SiO2 substrates. 
The Si/SiO2 substrates were pre-treated in UV-Ozone Procleaner for 1hour. 
The substrate with MoS2 was immersed in n-BuLi for about 2 hours for 'On-
chip' phase transformational studies (chapter 3) whereas for the 'wet chemical 
etching studies' (chapter 5), the substrate with the MoS2 flakes was floated on 
top of hot HNO3 which was kept between 80~90 °C and was allowed to react 
with the acid over 1 hour. The substrates were cleaned with IPA, blow-dried 
with nitrogen and thereafter Raman spectra were measured using 532 nm laser 
(located in NUS) with an excitation power less than 150 μW to avoid any 




2.2.2 Applications of Raman spectroscopy 
 Raman spectroscopy is a non-destructive method and is efficient in 
identifying the vibrational modes of a molecule. It is used in identifying the 
various vibrational modes of both organic and inorganic molecules. It is useful 
in identifying the various polymorphic or allotropic forms of materials with 




 have shown that Raman 
spectroscopy can also be used to identify the number of layers, defect densities 
and strain in case of ultrathin 2D materials such as graphene, WS2, WSe2, etc. 
Various variations of Raman spectroscopy have been developed to enhance 
the sensitivity (SERS-surface enhanced Raman spectroscopy), or to acquire 
specific information (resonance Raman). 
 The Raman spectra of graphene and graphite (millions of graphene 
monolayers stacked one above the other) are shown in Figure 2.2. The spectra 
are mainly composed of 2D and G bands. D band is observable only in case of 
samples with defects.  
 







 The line shape of 2D band, position and intensity of G band are helpful 
in identifying the number of layers of Graphene. For e.g., the differences in 
2D band in case of single layer, two layer, three layer and multilayer samples 
are shown in Figure 2.3. For a single layer Graphene, the 2D band is a single 
symmetrical peak with FWHM of 30 cm
-1
. From two layer to multilayer 
samples, the band is composed of many overlapping peaks.  
 
Figure 2.3 Schematic illustration of the 2D band exhibiting distinct band 




 Raman spectroscopy can also be used to identify the number of layers 
in case of other LTMDs such as MoS2, WS2, etc. In the case of MoS2, the 
separation between the    
  and A1g vibrational modes is used to distinguish 
the number of layers. Figure 2.4 shows the Raman spectra of mono to 
tetralayer MoS2 samples. The    
  vibrational mode corresponds to in-plane 
vibrations whereas the A1g vibrational mode corresponds to out-of-plane 
vibrations. The red shift of    
 mode with the increase in the number of layers 









Figure 2.4 Raman spectra of monolayer (1L), bilayer (2L), trilayer (3L) and 





 The A1g vibrational mode in the case of MoS2 is used as a probe as it is 
sensitive to doping. When the electron doping in case of MoS2 is induced by 
applying gate voltage, the broadening and red shift of A1g mode are observed 
and the    




2.3 Transmission electron microscopy (TEM) 
 Characterisation of materials at atomic scales is at the heart of modern 
research as it helps in understanding the microscopic origin of structure-
property relationships of new materials. In this context, transmission electron 
microscopy (TEM) plays a vital role in elucidating the basic atomic 




technique in which a beam of electrons is transmitted through a thin specimen 
and an image is projected at the detector after the beam goes through a series 
of electron optics. The image formed by transmitted or scattered electrons is 
magnified and focused at the bright field (BF) and dark field (DF) detectors. 
 Human eyes have a resolution power of 0.1-0.2 mm whereas the 
optical microscopes have a resolution of hundreds of nm limited by the 
wavelength of photons. TEMs are capable of achieving angstrom resolution, 
which is the typical separation between neighbouring atoms in a solid, due to 
the small de Broglie wavelength of electrons. TEM is extensively used in 
determining crystal structure and defects in nanomaterials. 
 
2.3.1 Basic components of TEM 
 The electron emitter is the first important component that generates 
high dose electron beam at the top of the electron optics column of a TEM. 
The emission sources may be tungsten filament or lanthanum hexaboride 
(LaB6) single crystals. On applying high voltages (100-300kV), these sources 
emit electrons either by thermionic or field emission mechanism into the 
vacuum of the TEM column. The emitted electrons (commonly called probe) 
are focussed and directed into a beam with the help of Wehnelt cylinder. The 
basic components of conventional TEM from top to bottom along with 






Figure 2.5 Basic layout of components of conventional transmission electron 
microscope (a)
60




 A typical TEM consists of three types of lenses which help in 
manipulating the electron beam as it passes along the vertical column. They 
are the condenser lens, objective lens and projector lens. The upper condenser 
lens helps in focussing the electron beam to a desired size and location and 
forms the primary beam that interacts with the specimen. The objective lens 
helps in focussing the beam that comes out of the specimen. The final lenses 
are the projector lenses which help in projecting the image onto a CCD camera 
or detector. The presence and absence of apertures along the electron optic 
axis at various locations help in rejecting undesired beams. 
 
2.3.2 Imaging methods and modifications 
 The image in a conventional TEM may be formed from either the 




conventional TEM is the bright field (BF) imaging mode. In this mode, the 
transmitted electrons that leave the sample at relatively low angles with 
respect to the main electron optic axis are imaged. Thicker regions of the 
sample or the locations with high atomic number scatter and appear dark 
whereas the regions with no sample transmit electrons and appear bright. 
Hence the term ‘bright field’ imaging. A TEM image of Ag/graphene in bright 
field is shown in Figure 2.3a. 
 In dark field (DF) imaging in which scattered beams are imaged, the 
contrast scheme is opposite. The regions with sample appear bright and the 
regions without sample appear dark. Hence the name ‘dark field’ imaging. A 
TEM image of MoS2 in dark field is shown in Figure 2.3b. 
 
Figure 2.6 Bright field TEM image of Ag/graphene sheet
62
 (a) and dark field 
(b) TEM images of MoS2 film
63
.   
  
 Diffraction patterns can also be obtained by adjusting the lenses in the 
TEM. These diffraction patterns help in identifying the crystal structure and 
finding whether the sample is monocrystalline, polycrystalline or amorphous. 
Monocrystalline samples show a diffraction pattern as shown in Figure 2.4a 
whereas amorphous materials show a series of rings as shown in Figure 2.4b. 




obtained from HAADF-STEM can be understood as the diffraction patterns. 
The spots in the diffraction patterns can be correlated to the distances between 
atomic plane in the sample. 
 
Figure 2.7 Images of diffraction patterns obtained from an Al single crystal (a) 




2.3.3 Scanning transmission electron microscope (STEM) 
 In a scanning transmission electron microscope (STEM), a beam of 
electrons focused on to the specimen is raster-scanned in a similar way it is 
done in a scanning electron microscope (SEM). Due to the narrow size (sub-
angstrom diameters) of the electron beam, high resolution images can be 
obtained with minimal effect from beam interference. Scanning coils help in 
electrostatically manipulating the beam direction for scanning.  The double 
deflection process shown in Figure 2.5 helps in keeping the probe parallel to 
the electron optic axis as it is scanned across the sample. This facility of 
scanning makes these STEMs suitable for spatial mapping of other 
characterisation techniques such as energy dispersive analysis of X-rays (EDX) 






Figure 2.8 Layout of optical components in a typical scanning transmission 
electron microscope (STEM). 
 
2.3.4 High-angle annular dark field (HAADF) imaging 
 In HAADF-STEM imaging mode, the detector is in the shape of an 
annulus or donut and the dark field image is formed by incoherent elastically 
scattered electrons emerging at a high angle (>50 mrad). Since the detector is 
donut shaped, the directly transmitted and low angle electrons are not detected.  
 Transmitted electrons in HAADF-STEM is collected by either a bright 
field detector, an annular dark field detector or HAADF detector as function of 
scattering angle as shown in Figure 2.6b. HAADF-STEM images from the 
samples are strongly sensitive to the atomic number (Z) of elements present 
within the sample. Hence HAADF-STEM imaging is also known as Z-contrast 




scattered electrons increases with the increase in atomic number and also with 
the thickness thus following the relation
65
,        where t represents the 
thickness and α is a constant between 1 and 2. Thus, when imaging an 
atomically thin 2D compound at atomic resolution, heavier atoms can be 
readily differentiated from lighter atoms (e.g. tungsten from sulfur) by 
observing the HAADF-STEM contrast without using spectroscopic techniques 
such as EDX and EELS. This will be discussed in Chapter 4. 
 
Figure 2.9 Cross-sectional view of a typical HAADF-STEM
66
 (a) and a 
schematic of HAADF detector setup along with the conventional BF and ADF 
detectors (b). 
 
2.3.5 HAADF-STEM microscopy procedure 
STEM imaging of the samples in the thesis were carried out in National 
Institute of Advanced Industrial Science and Technology (AIST), Japan by 
using an aberration-corrected JEOL-2100F electron microscope equipped with 
double DELTA correctors and cold field-emission gun operated at 60kV 
acceleration voltage. The electron beam current was 10~15 pA and the 








angle were 35 mrad and 79 mrad. The scanning dwell time was 64~128 




CHAPTER 3  ‘On-chip’ phase transformational study 
of molybdenum disulfide 
3.1 Introduction 
 Engineering of phases in 2D materials by altering their crystal structure 
or atomic coordination commonly referred to as ‘phase engineering’67 has 
recently become an exciting subject among the material researchers. Phase 
engineering allows tailoring of electronic and opto-electronic properties of 
materials
36
 without modifying its chemical structure. Recent studies have 
shown that phase-engineered materials hold promise in a variety of 
applications such as enhanced electrocatalytic activity for hydrogen 
evolution
68
, bottom-up fabrication of in plane metal-semiconductor junctions 
for nanoelectronics and so on.  
 LTMDs are very well known for their unique polymorphism that arises 
during intercalation of alkali metal atoms. Early studies
30
 found that lithium 
ion intercalation of bulk 2H-MoS2 using n-BuLi yields ZT-MoS2. Recent 
study by Kappera et al.
47
 revealed that this phase transformation can be 
achieved on a substrate. However, the process parameters are not established 
and little is known about intercalation dynamics and the extent of phase 
transformation, which is crucial in its applications. This chapter discusses 
investigation of intercalation-induced phase transformation of 2H-MoS2 
(trigonal prismatic coordination) to ZT-MoS2 (distorted octahedral 
coordination) probed by Raman and photoluminescence (PL) spectroscopy. 
Our studies on on-chip phase engineering using wet chemistry help in ease of 






 Figure 3.1 illustrates the schematic of an ideal band structure of MoS2 
and corresponding changes in PL and Raman spectrum that are observed 
during intercalation of MoS2. Pristine MoS2 is in 2H phase and shows strong 
PL with a peak at around 660 nm and characteristics    
  and A1g peaks in 
Raman spectrum. Slight doping (2H
-
) leads to incomplete quenching of the PL 
and broadening and weakening of    
  and A1g peaks. Further doping 
accompanied by intercalation is expected to lead to 2H-to-ZT phase 
transformation. Due to the metallic nature of ZT-MoS2, the PL is completely 
quenched. ZT-MoS2 has a distinct crystal structure and corresponding 
characteristic Raman peaks (J-peaks). Thus, by carefully studying PL and 
Raman peaks, the extent of phase transformation can be quantitatively 
monitored. 
 
Figure 3.1 Changes in Raman and PL spectra correlating with the changes in 





3.2 Experimental Procedure 
 MoS2 crystal from SPI supplies was mechanically exfoliated using an 
adhesive scotch tape onto Si/SiO2 substrates. The Si/SiO2 substrates were pre-
treated in UV-Ozone Procleaner for 1hour to enhance the adhesion of MoS2 to 
substrate as our observations on untreated substrate resulted in the desorption 
of flakes from the substrate on immersion in n-BuLi. The substrate with MoS2 
was then immersed in n-BuLi for about 2hours and later cleaned with hexane 
followed by ethanol (instead of water to avoid major damage to the flakes due 
to its violent reactivity with LixMoS2) and iso-propyl alcohol (IPA) and blow-
dried with nitrogen thereafter. Raman and PL spectra were measured using 
532 nm laser with an excitation power less than 150 μW to avoid any heating 
or damaging effects. The annealing experiments were performed inside a 
glove box with inert nitrogen gas. 
 
3.3 Results and Discussion 
3.3.1 Structure-activity relationship 
 Figure 3.2b and 3.2c show the morphological changes observed after 
treatment of pristine MoS2 (Figure 3.2a) with n-BuLi for 2 hours and 28 hours 
respectively. It is clear from the contrast that the changes propagate from the 
edges. No sharp changes in optical contrast were seen on the basal plane 
(centre) of the flake before and after chemical treatment. This difference in 
chemical reactivity at the centre and edges may be due to the atomic structure 
of each layer of MoS2. Each monolayer consists of a central slab of positively 




charged sulfur ions. However, the edges of each layer terminate with exposed 
molybdenum ions
69
. The butyl anion reduces the edge Mo atoms and initiates 
the phase transformation. Thus, the atomic structural arrangement of MoS2 
may have dictated the inert nature of the centre and labile nature of the edges 








Figure 3.2 Optical images of Pristine MoS2 (a), after n-BuLi treatment for 2 
hours (b) and 28 hours (c) respectively. Scale bar is 10 µm. Raman (d, e) and 
Photoluminescence (f) spectra of pristine and n-BuLi treated MoS2 flake from 
the centre and edge. Raman (g, h) and PL (i) spectra showing comparison of 2 
hours and 28 hours n-BuLi treated samples. 
 
3.3.2 Phase transformation (from 2H-to-ZT) induced strain  
 The edge and centre regions were further studied by Raman and PL 




of reaction. Number of layers in a crystals of MoS2 can be estimated from the 
peak difference of    
  and A1g Raman peaks
54
 as shown in Table 3.1. 
Table 3.1 Correlation of number of layers and peak difference of    
  and A1g 
Raman peaks  
Number of layers Peak difference (cm
-1
) 
Monolayer (1L) 19 
Bilayer (2L) 21-22 
Trilayer (3L) 23 
Quadrilayer (4L) 24 
Pentalayer (5L) >24 
Bulk >25 
 
 The Raman data from the flake shown in Figure 3.2a connotes to a 
pentalayer (5L) with in-plane mode of vibration (   
 ) and out-of-plane mode 
of vibration (A1g) separated by wavenumber difference of 24.36 cm
-1
. No 
changes were observed in the intensity and position of A1g and    
  peaks from 
the basal planes (centre) suggesting this region remained structurally intact. 
However the edge regions showed drastic reduction in intensity of A1g and    
  
peaks along with their softening (red shift) by ~1 cm
-1
. The simultaneous 
broadening and softening of both A1g and    
  peaks suggests that the sample 
is doped
59
 apart from indicating the presence of strain in the flake
70,71
. The 
presence of strain is also inferred from the wrinkle features developed in the 
edge regions. New peaks were also observed in the low frequency region from 
125-350 cm
-1
 as shown in Figure 3.1d. The peaks at 157.7 cm
-1
 (J1), 227.3 cm
-
1
 (J2), and 331.1 cm
-1




MoS2 which has a 2×1 superlattice structure as reported by several research 
groups
45, 72
. Qin et al. confirmed the 2×1 superlattice in chemically exfoliated 








 illustrating phase transformation from trigonal 
prismatic (2H) phase to distorted octahedral (ZT) phase. 
 
 Figure 3.3 illustrates the atomic structural modification from 2H to ZT 
ensued upon treatment with n-BuLi. ZT-MoS2 has a distorted octahedral 
coordination with molybdenum atoms forming zig-zag chains of metal-metal 
bonded networks as opposed to the trigonal prismatic coordination of 
molybdenum ions with respect to sulfur ions in 2H-MoS2. The proposed 
mechanism for the phase transformation from 2H-to-ZT phase is discussed in 
detail in Chapter 1. 
 Theoretical calculations
45
 indicate the three J-peaks observed 
correspond to the different modes of vibration within the zig-zag chain 
structure (ZT or 1T’) of MoS2. The Raman active modes of vibration 




these well documented peaks, there is also a band observed from 285-305 cm
-1
 
(designated as E1g band) with component peaks at 287.6 cm
-1
 and 302.0 cm
-1
 
indicate the octahedral coordination of  Mo in ZT- MoS2
48
.  
 Although Raman spectra imply that the centre regions were unaltered, 
PL emission intensity from this region was reduced by a factor of 3-4 as 
shown in Figure 3.2f. This may be due to defects introduced during the 
process or due to doping by butyl anion. However the presence of weak A1g 
and    
  peaks suggest that the phase transformation from 2H to ZT is partial 
and the sample consists of a mixture of the two phases. 
 
3.3.3 Temporal effects on MoS2 by n-BuLi 
 On further treating the MoS2 flake shown in Figure 3.2b in n-BuLi for 
additional 26 hours, the phase-changed region proceeded further inward from 
the edges and completely covered the whole sample as shown in Figure 3.2c. 
The    
   and A1g peaks further softened by ~1 cm
-1
 (shown in Figure 3.2h) 
with further reduction in intensity, indicating the crystal is further strained and 
that the fraction of the 2H phase has further decreased. J-peaks also slightly 
softened on longer exposure (see Figure 3.2g). No significant PL signals  were 





3.3.4 Electrical characteristics 
 
 
Figure 3.4 Optical images of pristine pentalayer (a) and after treatment with 
n-BuLi for 2 hours (b) and 28 hours (c) respectively. Scale bar is 20µm. (d) 
Transfer characteristics of pristine pentalayer and n-BuLi treated MoS2 for 2 
hours and 28 hours respectively. 
 
 The electrical characteristics of pristine and n-BuLi-treated samples 
were studied in field-effect transistor (FET) configuration as shown in Figure 
3.4. The pristine pentalayer MoS2 showed the typical characteristic of an n-
type semiconductor with clear back-gate dependence. For the n-BuLi-treated 
sample, gate modulation disappears after 2 hr treatment. The conductance (G) 
of this device was lower than the on-state conductance of the pristine device. 
Further n-BuLi treatment resulted in further decrease in conductance. The 
reduction in electrical conductivity is inconsistent with the observation that 
metallic ZT phase is present in the treated sample. This discrepancy may be 
attributed to introduction of structural defects such as cracks during treatment. 




the trapped high pressure hydrogen gas that evolved during reaction of 
LixMoS2 with ethanol. We also conjecture that reaction of lithium ions with 
sulfur ions to form Li2S could lead to formation of defects. 
 
3.3.5 Effect of n-BuLi treatment on MoS2 
 
Figure 3.5 (a) Optical image showing pristine bilayer and multilayer. (b) 
Optical image of MoS2 after treatment with n-BuLi for 2 hours. Scale bar is 20 
µm. (c) Optical image of MoS2 after two-step annealing at 200 °C and 300 °C 
each for 30 min respectively. 
 
 The phase transformation process is further systematically studied in 
samples with different number of layers. Figure 3.5 shows the optical images 
of thick multilayer and bilayer MoS2 before and after treatment with n-BuLi. 
Figure 3.5b again shows the clear indication of phase changes from the edges 
in multilayer flakes. Figure 3.5c shows the optical image of chemically treated 
MoS2 after two-step annealing at 200 °C and 300 °C each for 30 min. It can be 
seen that the phase-changed region has nearly restored the contrast of the 
pristine sample. Raman spectra of the sample after each treatment step are 






Figure 3.6 Raman spectra (a and b) of bilayer MoS2 illustrating the changes in 
the low frequency region (125-350 cm
-1
) and high frequency region (350-450 
cm
-1
) respectively upon n-BuLi treatment and annealing. (c) Plot illustrating 
the changes in the intensity, FWHM and Raman shifts of pristine bilayer MoS2 
upon n-BuLi treatment and annealing. The points are connected with straight 





 The peak positions of A1g and    
  modes and their peak difference 
confirm that this flake is a bilayer MoS2 shown in Figure 3.6a. Upon treatment 
with n-BuLi for 2 hours, both the peaks reduced to the same intensity with A1g 
peak softening by 1.1 cm
-1
 and    
  peak softening by 2.85 cm
-1
. Emergence of 
three J-peaks along with the E1g peak after n-BuLi treatment indicates the 
transformation to ZT phase. The full-width half maximum (FWHM) of A1g 
decreased (by 0.8 cm
-1
) whereas the FWHM of    
  increased (by 4.02 cm
-1
). 
This may be due to non-uniform emergence of ZT phase in which the in-plane 
vibrational characteristics are altered by the formation of metal-metal bonding 
network. A previous study reported complete disappearance of    
  peak in 








Figure 3.7 Raman spectra (a and b) of multilayer MoS2 illustrating the 
changes in the low frequency region (125-350 cm-1) and high frequency 
region (350-450 cm
-1
) respectively upon n-BuLi treatment and annealing. (c) 
Plot illustrating the changes in the intensity, FWHM and Raman shifts of 
pristine multilayer MoS2 upon n-BuLi treatment and annealing. 
 
 Thick multilayer MoS2 (Figure 3.7) showed similar behaviour as 
bilayer and pentalayer flakes. The reduced intensity of    
  and A1g peaks 
along with emergence of strong J-peaks after n-BuLi treatment reveals partial 
phase transformation similar to the case of other samples. The broadened    
  
and A1g peaks along with their shift to lower wavenumbers indicate the 




 The partially "phase-transformed" samples were further studied for 
stability by annealing in the Glove Box with nitrogen atmosphere. Upon two-
step annealing at 200 °C and 300 °C respectively for 30 min, the intensity of 
A1g and    
  peaks increased in both bilayer and multilayer "phase-
transformed" MoS2 and the peak positions almost shifted to that of pristine 
MoS2 suggesting substantial release of strain and partial transformation to 2H 
phase from ZT phase. The partial phase transformation can also be confirmed 
by the retention of weak J1 and strong J2 peaks even after two-step annealing. 
 
3.3.6 Resistance of monolayer towards phase transformation 
 
Figure 3.8 Optical images of pristine monolayer MoS2 (a) and after treatment 
with n-BuLi (b) and annealing at 200 °C and 300 °C respectively each for 30 
min (c). Scale bar is 20 µm.  
 
 MoS2 samples with number of layers varying from bilayer to 
multilayer displayed nearly identical behaviour upon treatment with n-BuLi. 
However, monolayer displayed strikingly different behaviour. Figure 3.8 
shows the optical images of monolayer MoS2 after n-BuLi treatment and 
annealing. The Raman peak shifts of    
  and A1g and their difference of 18.3 
cm
-1
 (Figure 3.9) confirm it to be a monolayer. Unlike multilayer samples, 
monolayer MoS2 showed no significant changes either in intensity of    
  and 
A1g peaks or in FWHM. The absence of J-peaks in the low frequency region 
(125-350  cm
-1






Figure 3.9 Raman spectra (a and b) of monolayer MoS2 illustrating the 
changes in the low frequency region (125-350 cm
-1
) and high frequency region 
(350-450 cm
-1
) respectively upon n-BuLi treatment and annealing. (c) Plot 
illustrating the changes in the intensity, FWHM and Raman shifts of pristine 





 All these changes indicate the inertness of monolayer towards phase 
transformation from 2H to ZT even though negligible shifts were observed in 
   
  and A1g peaks in comparison with pristine monolayer MoS2. This can be 
due to the absence of scope for intercalation into the van der Waals gap in case 
of monolayer. No significant changes in Raman shifts, FWHM and intensity 
of    
  and A1g peaks were observed even after annealing at 200 °C and 300 °C 
respectively each for 30min thus indicating the resistance of monolayer 
towards n-BuLi treatment. However Chakraborthy et al.
59
 observed the 
broadening of A1g peak and almost no change in    
  peak upon 
electrochemical doping of monolayer using a solid polymer electrolyte 
comprising a mixture of LiClO4 and polyethylene oxide (PEO). There are also 




 samples whose phase is 
transformed with n-BuLi upon immersing in n-BuLi for 24 hours and 48 hours 
respectively. The J-Peaks that are characteristic of ZT phase were also not 
observed from their studies and the phase transformation was inferred from 
quenched PL.  
 





Figure 3.10 Photoluminescence spectra of bilayer (a) and multilayer (b) MoS2 
on treatment with n-BuLi for 2 hours and annealing at 200 °C and 300 °C 
respectively for 30 min. 
 
 Figure 3.10 illustrates the changes in the PL spectra of pristine bilayer 
and multilayer MoS2 samples after treatment with n-BuLi and annealing. In 
both the samples, the PL is quenched on chemical treatment with n-BuLi 
confirming the loss of semiconducting nature of 2H-MoS2 by doping and 
generation of metallic phase (ZT phase). Even after annealing, the PL was not 
observed although the Raman data indicates the restoration of semiconducting 
2H phase. These observations suggest that the sample is degraded during the 
annealing process.  
 
Figure 3.11 Photoluminescence spectra of monolayer MoS2 on treatment with 
n-BuLi for 2hours and annealing at 200 °C and 300 °C respectively for 30min. 
 
 The PL spectrum from pristine monolayer is shown in Figure 3.11. 
Upon treatment with n-BuLi, the PL intensity decreases by 3 times even 
though no substantial changes in intensity of    
  and A1g peaks are observed. 




completely quenched after n-BuLi treatment. Annealing at 200 °C and 300 °C 
each respectively for 30 min resulted in increase in PL intensity but not to the 
level of initial pristine monolayer MoS2. 
 
3.4 Conclusion 
 In conclusion, we speculate the difference in chemical reactivity 
between the edges and basal planes in MoS2 upon treatment with n-BuLi 
which may be attributed to the difference in crystal structure. The whole 




Figure 3.12 Schematic illustrating the changes that are observed in MoS2 
during the process of doping with n-BuLi and annealing at high temperatures 
(200 °C-300 °C). 
 
 The peak shifts of    
  and A1g peaks to lower wavenumbers (Red shift) 




are the characteristic modes of vibration of zig-zag phase indicate the phase 
change from 2H-MoS2 to ZT-MoS2. Extinction of PL after chemical treatment 
confirms the doped and metallic nature of ZT MoS2. The presence of weak 
   
  and A1g peaks indicate the partial phase transformation from 2H to ZT 
phase. Thus a mixture of phases (2H and ZT) is observed in n-BuLi treated 
samples.  
 The stability and reversibility of phase transformation studied by 
annealing proved that the ZT phase is metastable and transforms to 2H. Non-
recovery of PL after annealing indicates the disordered crystal due to cracks 
formation as also evident from the decreased conductance. Pristine 
monolayers of MoS2 behaved differently compared to their counter parts (bi to 
multilayers). The absence of shift in    
  and A1g peaks together with the 
absence of J-peaks indicate the resistance of monolayer towards phase 




CHAPTER 4  Dynamic structural evolution of metal-
metal bonding network in monolayer WS2 
 
4.1 Introduction 
 Transition metal oxides and chalcogenides exhibit a wide range of 
physical properties owing to their rich phase diagram
17
. Transition metal 
dichalcogenides (TMDs) are a large family of compounds with a wide variety 
of electronic and structural phases that depend on their chemical composition, 
doping, temperature and pressure
74, 75
. Electronic instabilities such as charge 
density wave (CDW) phenomena
76
 and structural phase transitions
32
 are 
commonly observed in TMDs and have been of great interest for fundamental 
studies and technological exploitations. 
Some TMDs other than the group 4 TMDs are known to exist in the 1T 
phase, but often with a periodic distortion of the lattice and an extended metal-
metal bonding network. MoTe2 crystallizes in either 2H or distorted 1T 
structure (referred to as 1T’, ZT, or β phase) in which Mo atoms in every other 
row are shifted from their hexagonal lattice sites and form an array of zigzag 
Mo chains
77, 78
. The group 7 TMD, ReSe2, exhibits a different distorted 1T 
crystal structure (referred to as DT phase) in which Re atoms cluster to form a 
Re4 “diamond unit”
79
. These tetramer clusters are coupled to one another to 
form an array of 1D chains. The driving force of the distortions has been 
discussed in terms of charge density wave (CDW)
80
 instabilities for the ZT 
phase in MoTe2 and Jahn-Teller instabilities
33, 79
 for the DT phase in ReSe2. 




metal oxides where the formal oxidation state also plays a fundamental role in 
determining the bonding network structure
52
. 
Since the polymorph of the TMD compounds depends on the effective 
d electron count, phase changes between polymorphs can be induced in these 
compounds by local charging effects.  For example, 1T-to-2H phase changes 
in TaS2
81
 can be induced by applying high bias voltages using a scanning 
tunnelling microscope tip.  Furthermore, structural phase transitions from the 





 lithium and ammonia
82
 ion intercalation, 
injection of optically excited electrons
50
 and electron beam dosing
35
. In-situ 
high-resolution transmission electron microscopy (HRTEM) observations of 
MoS2 have also revealed emergence of metastable DT-like phases during Li 
intercalation
34
. The octahedral phase of MoS2 and WS2 is highly conducting 
due to its metal-like band structure and has been shown to be excellent 
electrocatalyst for hydrogen evolution, host for electrochemical energy 
storage
83
, and carrier injection contacts for 2D field-effect transistors
47,73
. 
These findings highlight the prospects of 2D TMDs to be tailored for novel 
applications via phase engineering
 67-68, 39
. 
Despite the renewed interest and prospects in technological 
applications, there has been little understanding on the stability and electronic 
properties of the distorted 1T phases of TMDs. In this chapter, we report 
observation of atomically resolved dynamic structural evolution of monolayer 
ZT-WS2 by high-angle annular-dark-field scanning transmission electron 
microscopy (HAADF-STEM). We show that zigzag chains of tungsten atoms 




zigzag chain orientations upon electron beam irradiation. This observation 
indicates that the metal-metal bond order can be locally modified by the 
electron beam. Our first principles calculations show that the chain 
reorientation can be understood as a facile kinetically-activated reaction 
process. We further show that the tetramer clusters can be induced and 
stabilized by electron charging effects, which weaken the metal-chalcogen 
bonds and induce metal-metal bonding. These findings shed light on the 
structural instabilities and versatile metastable phases of TMDs, and open up 
prospects for atomic scale phase engineering. 
 
4.2 Experimental section 
4.2.1 Sample preparation 
WS2 (Alfa Aesar, 99.8%) and LiBH4 (Merck) powders were weighed 
in the molar ratio of 1:2.5 and mixed in a glovebox (mBraun LABmaster) 
under Ar atmosphere. The mixture was heated to 300 °C for 3 days on a 
hotplate and stirred intermittently every 6-12 hours so that Li
+
 is intercalated 
uniformly throughout the metal sulfide
38
. The intercalated powders were then 
taken out from the glovebox and ultrasonicated for 1 hour in deionized water. 
Exfoliated WS2 was then centrifuged (Thermo Scientific Sorvall ST16R) at 
10000 rpm for 45 minutes for a total of 5 cycles to completely remove free Li
+
 
from the WS2 suspension. Exfoliated suspensions were diluted to very low 
concentrations in deionized water and vacuum-filtered through a nitro-
cellulose (0.025 μm pore size) membrane (MF-Millipore™ Membrane Filters) 
to form a thin film. The nitro-cellulose membrane with a thin film of WS2 was 




water surface. The floating film was then scooped onto TEM grids for analysis. 
Both as-deposited and annealed samples (300 °C in Argon atmosphere) of 
chemically exfoliated WS2 were studied by HAADF- STEM.  
 
4.2.2 HAADF-STEM microscopy procedure 
 STEM imaging was carried out using an aberration-corrected JEOL-
2100F electron microscope equipped with double DELTA correctors and cold 
field-emission gun operated at 60kV acceleration voltage. The electron beam 





convergence angle and inner acquisition angle were 35 mrad and 79 mrad. The 
scanning dwell time was 64~128 µs/pixel. The FFT patterns were obtained 
using imageJ software. 
 
4.2.3 First principles density functional theory (DFT) calculations 
 Most of our first principles DFT calculations were carried out with the 
SIESTA software package
84
 based on numerical atomic orbitals and norm 
conserving pseudopotentials, with the local density approximation (LDA) to 
the exchange-correlation functional
85
. Double-zeta polarized basis sets were 
used, with at least a 12 x 12 x 1 k-point mesh for 2 x 2 unit cells, 300 Ry mesh 
cutoff, DM.Tolerance at 1.0E-4, and a force convergence criterion of 0.02 eV/ 
Å. Ideal atomic structures in Figure 4.1 were relaxed with a regular 6-electron 
W pseudopotential. We included 20 semi-core electrons in the W 
pseudopotential for further analysis calculations. The atomistic charge analysis 
was performed by the Bader charge analysis code. The COOP analysis was 




 The DT phase is stabilized with 100% Li coverage. We consider two 
structures, with Li on top of W and Li at S-hollow sites. The Li atoms donate 
electron charge to the monolayer, stabilizing the DT phase, just as was 
observed in Li intercalation experiments
34
. The DT phases induced by these 
two different sites differ in energy by less than 0.03 eV and show similar W-
W clustering bond lengths. In our study, we refer to the DT phase for Li at S-
hollow sites.  
 Climbing image nudged elastic band (NEB) calculations were carried 
out with the plane-wave Vienna Ab-initio simulation package (VASP) 
software
86
 using PAW pseudopotentials.  We used 9 images, a spring constant 
of -5.0 eV/Å
2
, a 364 eV kinetic energy cutoff, a k-point mesh of 8×8×1, 
energy convergence criterion of 1.0E-5 eV, and a force convergence criterion 
of 0.05 eV/Å. The unit cells of ZT-W(Mo)S2 monolayers are fixed at twice of 
the ideal 1T phase primitive cells. The set up for initial image coordinates and 
the analysis of the final results were achieved by the VTST scripts. Density of 
states and band structure calculations including spin-orbit coupling were 
performed in the VASP code on ideal phase structures relaxed by SIESTA.   
 The climbing image NEB calculation shown in Figure 4.8 was 
conducted without the presence of any extra charge in monolayer WS2. A very 
similar energy barrier was found when an NEB calculation was performed in 
the presence of 100% Li coverage 7Å above the WS2 monolayer. We note that 
the climbing image NEB calculation could not converge for this calculation 
with additional Li, and these results are reported only for the NEB calculation 





4.3 Results and Discussion 
 
Figure 4.1 Atomic structures of ideal 2H (a), ZT (b) and DT (c) phases 
obtained by first principles DFT calculations. The zigzag chain in ZT and the 
diamond cluster in DT are highlighted. Metal-metal bond lengths are noted in 
units of nm. One Li atom per formula unit (not shown) is included in the 
calculation for the DT phase, which relaxes to ZT without the extra electronic 
charge. 
 
Figure 4.1 shows the relaxed atomic structures of WS2 in the 2H, ZT 
and DT phases.  The structures are relaxed using first principles density 
functional theory (DFT) calculations. Here, the structures are obtained using 
periodic boundary conditions, corresponding to so-called “ideal” extended, 2H, 
ZT and DT phases respectively. These ideal ZT and DT phases have 2×1 and 
2×2 superlattices, respectively. We note that while the ZT phase is stable even 
for neutral WS2, the DT phase can only be stabilized with a full coverage of Li 





Figure 4.2 HAADF-STEM images of 2H (a) and ZT (b) phases of chemically 
exfoliated monolayer WS2 and their respective RDF plots (c-d). Insets of (a) 
and (b) are the FFT patterns of the corresponding STEM images. Black 
vertical lines and corresponding numerical values in (c) and (d) represent the 
atomic separations obtained by DFT calculations.  These values are in good 
agreement with the experimental observations (labelled in red). 
 
Monolayer sheets of chemically exfoliated WS2 were studied under 
HAADF-STEM at an acceleration voltage of 60kV which is below the knock 
on voltage
87
 of WS2. While annealed samples were in 2H phase (Figure 4.2a), 
as-prepared samples were predominantly in ZT phase (Figure 4.2b). The radial 
distribution functions (RDF) of the two phases (Figures 4.2c and 4.2d) show 
good agreement with theoretical predictions for the bond lengths in the 
corresponding ideal periodic phases. For example, the W-W metal atom 
separations within the same zigzag chain were measured to be 0.28 nm along 




on two neighbouring zigzag chains was 0.38 nm. These values agree with the 
bond lengths in the ideal ZT phase with a small deviation of ~0.01 nm. 
 
Figure 4.3 HAADF-STEM image showing the mono and bilayers of ZT- WS2. 
The 1D ribbons of ZT-WS2 is shown by pink ribbons whereas the FFT of 
mono and bilayers are shown next to the respective yellowish squared regions. 
 
 Figure 4.3 correlates the variation in orientations of ZT chains with 
superlattice spots in FFT patterns. The monolayer on the upper left in Figure 
4.3 shows three different variations in orientation of chains and is reflected by 
six superlattice spots (3 pairs) in the FFT pattern. The bottom right hand 
portion of ZT-WS2 shows only one zigzag chain orientation and therefore only 
two (1 pair) superlattice spots are observed in FFT. The bilayer region (lower 




4.3.1 Evolution of ZT phase under electron beam irradiation 
 
Figure 4.4 HAADF-STEM images illustrating the evolution of ZT phase as a 
function of time under electron beam irradiation. Initially oriented zigzag 
chains (0s) form shorter chain clusters with three distinct orientations. Scale 
bar is 1 nm.  
 
The zigzag chains in the imaged ZT structure are highly oriented as 
can be seen in the FFT pattern (inset of Figure 4.2b). The ordered arrays of ZT 
chains that are extended unidirectionally over a few tens of nanometers 
(Figure 4.4) underwent ordered restructuring of the lattice under electron beam 
irradiation, resulting in the formation of kinks and shorter chain clusters with 
three distinct orientations. Longer exposure (> 5 min) to the electron beam 
over several minutes resulted in gradual formation of defects which eventually 
led to the disintegration of monolayer WS2. 
 
4.3.2 ZT-to-2H and ZT-to-1T structural transformations 
ZT-to-2H and ZT-to-1T structural transformations were also observed 
albeit less frequently compared to zigzag chain reorientation (Figure 4.5). ZT-
WS2 is unstable under beam irradiation. Figure 4.5a shows HAADF-STEM 
images showing gradual structural evolution from ZT to 2H-WS2. Most of the 
ZT to 2H phase transformations were observed in damaged areas. It is known 
that metastable phases of MoS2 such as ZT and 1T-MoS2 changes to 
thermodynamically stable 2H phase upon annealing at 300 °C
32




of the sample by electron beam may be the cause of the observed phase 
transition. We also observed transformation of ZT phase to 1T phase, where 
the zigzag chains were converted row by row as shown in Figure 4.5b. 
Interestingly, this was more commonly observed than ZT-to-2H transition. 
Both the transformations occurred in the time scale of 2-3minutes. 
 
Figure 4.5 Schematic illustrating gradual transformation of ZT-to-2H (a) and 
ZT-to-1T (b) phase transitions. Pink shaded regions indicate zigzag chains. 
Scale bar is 1nm. 
 
4.3.3 Emergence of tetramer clusters in ZT structure matrix 
 
Figure 4.6 Reorientation of the chains involving a transitional state with 
tetrameric diamond clusters. Scale bar is 1 nm. The purple ribbons in the 
images indicate the zigzag chains and yellow diamonds represent tetramer 






 A closer examination of the atomic movement during electron beam 
irradiation revealed that the change in orientation of zigzag chains often 
proceeds through the formation of tetramerized diamond clusters (shown by 
light yellow diamonds in Figure 4.6) that are reminiscent of the DT phase. 
RDF analysis indicates that these tetramers exhibit a distinct set of metal-
metal bond lengths that are distinct from those of the ZT phase (Figure 4.7). 
These dynamic changes in which the zigzag chains are reoriented and tetramer 
clusters are observed involve the breaking and re-formation of metal-metal 






Figure 4.7 (a) HAADF- STEM image of WS2 in a transitional state exhibiting 
both zigzag chains and diamond clusters. Scale bar is 1nm. (b) Color-coded 
metal-metal separations. Red and green dashed lines indicate atomic 
separations greater and smaller than 0.31 nm, respectively. (c) RDF plot of the 
STEM image in (a). Theoretical metal-metal separations of ideal ZT and DT 
phases are shown. (d) A plot showing a statistical analysis of metal-metal 
separations in ZT and DT-like phases. Values of intra-chain metal-metal bond 
lengths along zigzag chains and intra-tetramer bond lengths were obtained by 
image analysis. They are compared with the ideal values (0.31 nm and 0.28-
0.29 nm for ideal ZT and DT phases). The open squares inside the error box 
represent mean of metal-metal bond distances. The cross symbols represent 
minimum and maximum values in the population. 
 
 The tetramer clusters can be distinguished from the ZT phase by 
careful metal-metal bond length analysis. According to the DFT calculation 
results, an ideal DT structure contains diamond clusters in which the metal 
atoms are separated by similar distances of 0.28~0.29 nm. On the other hand, 
an ideal ZT phase exhibits two distinct intra-chain metal-metal bond distances, 
namely 0.27 and 0.31 nm. Here, 0.31 nm is the metal-metal separation along 
the zigzag chain direction. Since this bond length is unique to the ZT phase, 
we can distinguish tetramer clusters from zigzag chains. The statistical 
analysis shown in Figure 4.7d reveals that the metal-metal bond lengths in 




the intra-chain bond lengths in the ZT structure along the chain direction (0.32 
nm). Thus, the observed tetramer clusters can be regarded as a local 
manifestation of DT phase, which is predicted to be stable under full Li 
coverage in our calculations.  
In order to better understand the above-described dynamical structural 
evolutions of monolayer WS2, we turn to a detailed discussion of our DFT 
results. As has already been shown in several recent calculations, 
36, 68, 45
 the 
ground state of the octahedral Mo/WS2 monolayer is the ZT phase, which is 
also confirmed by our calculations. The ideal DT phase in Figure 4.1c was 
induced by 100% lithium coverage on the surface of monolayer WS2. We do 
not expect a large amount of charge in the experimental WS2 sample, which is 





Figure 4.8 (a) Climbing image NEB curve of the 120° zigzag chain re-
orientation reaction of the ZT-WS2 monolayer. Crucial intermediate image 
structures are also shown at the corresponding energetics data points labelled 
from 0 to 10. The numbers from 0 to 10 are referred as "intermediates" in the 
text below. (b) Change of the nearest neighbour W-W bond lengths within one 
2 x 2 supercell along the two primitive axis directions.  
 
Since the tetramer clusters are typically observed as part of an 




first consider the zigzag chain reorientation process by investigating a 120° 
zigzag chain reorientation using the climbing image nudged elastic band (NEB) 
method (see "Experimental section- First principles DFT calculations, 4.2.3"). 
The resulting minimum energy path (MEP) is shown in Figure 4.8a. The 
predicted ~0.1 eV energy barrier per formula unit is significantly smaller 
compared with the ~0.87 eV energy barrier
68, 38
 needed for the ZT to 2H phase 
transformation reaction. Thus the external energy brought by the electron 
beams in the electron microscope could easily initiate this zigzag chain re-
orientation transformation, which is indeed observed as shown in Figure 4.4. 
Figure 4.8b shows the changes in W-W bond lengths along the reaction 
coordinate. We observe a monotonically decreasing behaviour of the a-axis 
W-W bond length from 3.21 Å into 2.74 Å along the MEP, while the exact 
opposite happens for the b-axis W-W bonds. The two curves cross at 
intermediate 5 (see inset of Figure 4.8a). Interestingly, intermediate 5 exhibits 
a diamond-clustering structure, albeit with no preferred chain direction. 
Tetramer clusters are also present in intermediates 4 and 6, but with a 
preferred chain direction in each case. These results are consistent with the 
observation of tetramer clusters in the intermediate phases between zigzag 
chain reorientation images in Figure 4.4. Our conclusions here are not 
confined to WS2 - similar climbing image NEB calculations for ZT-MoS2 
monolayers resulted in an even smaller energy barrier of ~0.07 eV per formula 





Figure 4.9 NEB curve of the 120°zigzag chain re-orientation reaction of a 
ZT-MoS2 monolayer. The activation energy is even smaller than that in WS2 
monolayers (~0.07 eV per formula unit). 
 
While we have established above that the zigzag chain reorientation 
process can easily be induced from the energy of the electron beam, together 
with the formation of tetramer clusters in the transition state, it is also 
important to question the stability of the tetramer clusters. In particular, the 
image in Figure 4.6 is observed over time scales of ~30 seconds, whereas the 
tetramer clusters in our climbing image NEB calculations are configurations 
corresponding to saddle points in the energy landscape. 
 
Figure 4.10 Relaxed atomic positions of W atoms for a WS2 monolayer with 









 and our own findings suggest that some amount of 
electron charge is required to stabilize the tetramer clusters over longer time 
scales. In our experiment, this electron charge may come directly from the 
electron beam or ionized species on the surface during STEM imaging. In 
order to simulate these partial charging effects, we consider ZT-Mo/WS2 
monolayers with a smaller coverage of Li adsorption. Adding a 31% Li 
coverage to ZT-WS2 results in a structure that has one tetramer cluster along 
one zigzag chain and one triangular cluster along another zigzag chain within 
the same supercell (Figures 4.10 and 4.11a). A similar calculation for ZT-
MoS2 resulted also in the reorientation of zigzag chains (Figure 4.11b). These 
predictions clearly show that partial charging of the ZT phase monolayer can 
induce the formation of tetramer (and occasionally triangular) clusters together 
with a zigzag chain reorientation at finite temperature. We note that triangular 





Figure 4.11 Atomic structures of ZT WS2 (a) and MoS2 (b) monolayers with 5 
Li atoms in each 4x4 supercell of TMD. All degrees of freedom are allowed to 
relax. In (a), the 8 x 8 supercell is shown, where one tetramer cluster is visible 
on one chain and one triangular cluster is visible on another chain. In (b), the 
12 x 12 supercell is shown, we see triangular and tetramer clustering together 
with 120°zigzag chain re-orientation. Metal, chalcogen and Li atoms are 




marked by red dashed lines and tetramer/triangular clusters are marked by 
orange dashed lines. The fact that zigzag chain reorientation was not observed 
for WS2 is likely due to the heavier mass of W compared with Mo – these 
calculations being zero temperature conjugate gradient relaxations. 
 
The above discussion thus paints a coherent picture consistent with the 
experimental findings. Tetramer clusters are natural intermediates in a facile 
kinetically activated zigzag chain reorientation transformation in ZT-WS2 
monolayers. Such tetramer clustering and even zigzag chain reorientation can 
be induced by partial electron charging of the TMD monolayer, while the 
tetramer clusters can be stabilized by the electron charge. On the other hand, 
the fact that tetramer clusters do not remain for extended time scales suggests 
the absence of prolonged consistent stable charging conditions on our samples. 
We now turn to the more general question of why and how electron charges 
induce metal-metal cluster formation in TMDs, focusing on the ZT-DT phase 
transformation induced by negative charge. 
Table 4.1 Bader charge per atom (in units of e) and bond overlap population 
of WS2 monolayer phases. Note that the Bader charge is given relative to the 
number of valence and semi-core electrons included in the calculation. The 
bond overlap population, which scales like the bond order, is the integral of 
the COOP curve up to the Fermi level within one 2×2 cell. The nearest 
neighbour bond length cut-off criteria for the COOP calculation is 3.15 Å. The 
top and bottom S refer to the S atoms in the plane nearer and further away 
from the adsorbed Li atoms for DT and ZT+Li (100%). 






























0 0 1.103 1.312 1.118 1.194 
W-S  bond 
overlap 
population 
6.22 5.893 5.960 5.481 5.364 4.867 
 
As a first step, we ask how the added electronic charge is distributed in 
the W and S atoms, using the Bader charge analysis, which is well-known to 
give a good representation of atomic charges in molecular systems
89
. Table 4.1 
show that, contrary to the concept of formal oxidation states, W loses only 
0.600e to each S atom in 2H WS2. This charge loss is almost same in 1T- and 
ZT-WS2 where W loses ~0.595e to each S atom. In the DT phase with a 100% 
Li coverage, we see that the Bader charge on W is decreased by only 0.101 or 
0.109 e relative to the ZT and 2H phases respectively. Li loses its one valence 
electron completely, but 88% of the charge goes to the top S atom. Note that 
similar numbers are obtained for ZT with 100% Li but without structural 
relaxation.  We have chosen above to induce electron charges in the TMD by 
including Li atoms in our supercell, as this avoids problems with charged 
cells
90, 84
, a particular concern when comparing energetics between phases 
with different charge distributions. Here, however, it is valid to consider how 
charging the cell affects the charge redistribution picture in a particular phase. 
Using the NetCharge method as implemented in SIESTA
84
, we find that 15% 
of the extra charge goes to W, while the rest is shared equally by S atoms on 
both S planes.  Regardless of the charging method, the S atoms receive most 
of the extra electron charge, while W also takes on some extra negative charge, 





Figure 4.12 Crystal orbital overlap population (COOP) curves for the ZT (a) 
and DT (b) phase for WS2 monolayers. Red solid is the W-W bonding; black 
dashed is the W-S bonding. Integration up until the Fermi level of these curves 
gives us the bond order. 
 
Why does the extra charge lead to clustering of W atoms? We calculated 
the crystal orbital overlap population (COOP) curves (see Figure 4.12) as 
introduced by Hoffmann
91
 to answer this question from a chemical bonding 
perspective. The integral of the COOP curve up to the Fermi level gives the 
total overlap population for the specified bonds, which scales like the bond 
order
91
. From Table 4.1, we see that the 2H phase has the strongest W-S bond 
order, consistent with it being the most stable phase energetically. Charging 
the ZT phase without atomic relaxation lowers the W-S bond order (weakens 
the W-S bonds) substantially, while increasing the W-W bond order very 
slightly (Table 4.1). Atomic relaxation resulting in the DT phase increases 
both the W-S and W-W bond orders, but compared to the ZT phase, the W-W 
bond strength is higher while the W-S bond strength is smaller. Thus, we can 
interpret the metal-metal clustering in the DT phase to be a lattice dynamical 
response to the electronic instability induced by negative charges in the ZT 
phase, which substantially weaken the W-S bonds. The increased stability of 
the tetramer clusters can also be attributed to the opening of the band gap 




This is similar to the diamond clustering in ReSe2 which has been interpreted 
in terms of Jahn-Teller distortion
33 
from the symmetry-degenerate metallic 1T 
phase.  
 
Figure 4.13 Electronic band structure and density of states for the calculated 
DT phase. The opening of a band gap of ~0.14 eV stabilises the phase 
electronically. 
 
4.4 Concluding Remarks 
In conclusion, we have observed in situ dynamic structural changes in 
the zigzag chains of single layer WS2, with the formation of tetramer clusters 
followed by a reorientation of the zigzag chains. We have discussed in detail 
the origins of these lattice dynamic changes using first principles calculations. 
The reorientation of zigzag chains in the ZT phase is a facile kinetically 




transition state. Localized tetramer clusters together with reorientation of 
zigzag chains can be induced and stabilized by partial electronic charging of 
the ZT phase in monolayer WS2 and MoS2. Using a chemical bonding analysis, 
we interpret the metal-metal clustering as a lattice dynamical response to the 
electronic instabilities induced by electron charges in the ZT phase, which 
substantially weaken the metal-chalcogenide bonds. The random localized 
formation of individual metal clusters both in experiment and theory, as 
opposed to a periodic lattice distortion, are manifestations of these instabilities 
rather than a charge density wave phenomenon. This work presents new 
insights into the charging, dynamical structural changes and stabilization 
pictures of different phases of TMD monolayers, and paves the way for further 

















CHAPTER 5  Wet chemical thinning of molybdenum 
disulfide down to its monolayer 
 
5.1 Introduction 
 Recent intense studies on two-dimensional (2D) crystals derived from 
layered van der Waals systems have led to discovery of numerous phenomena 
that are unique to this emerging class of materials
92
. Atomically thin layers of 
group 6 transition metal dichalcogenides (TMD) such as MoS2 and WSe2 are 
semiconductors with physical properties that make them attractive for novel 
electronic and optoelectronic devices
93
. Studies have demonstrated their 











, and gas sensing
98
.  
 Despite the rapid progress of the field, efficient and controlled 
synthesis of high quality 2D crystals still remains a major challenge. Methods 
for producing monolayers of group 6 TMDs include top-down approaches 
such as mechanical “Scotch tape” exfoliation99, intercalation-assisted 
exfoliation
21
, liquid phase exfoliation
100
, as well as bottom-up approaches such 
as sulfurization of metal thin films
101





. Exfoliation-based techniques are simple but 
typically yield flakes with a range of thicknesses and sizes. While the vapour 
deposition techniques are promising for growth of oriented thin films, current 
protocols lack control over thicknesses and deposition areas. 
Post-deposition etching of multilayer TMD crystals down to single 
layers is a powerful route to producing 2D crystals in large quantities. 






. This technique involves temporary illumination 
of focused laser beam onto thin MoS2 flakes. Rapid heating due to laser beam 
absorption results in vaporization of upper few layers of the flake with the 
bottom-most single layer remaining intact due to efficient heat dissipation into 
the substrate. It was found that this technique is applicable to flakes that are 
~12 nm (~ 20 layers) or less in thickness. Huan et al.
105
 reported chemical 
etching of MoS2 flakes down to the last monolayer with xenon difluoride 
(XeF2). This technique does not require the initial flake to be thin but the 
etching is not self-limiting and demands precise control on the reaction rate to 
achieve monolayers. Similarly, layer-by-layer thinning of MoS2 by Ar
+ 
plasma 
reported by Liu et al.
106
 also requires the thickness of the starting material to 
be uniform.  
In this chapter, we report on facile wet chemical approach to etching 
thin flakes of MoS2 down to its monolayer. We show that hot nitric acid 
(HNO3) efficiently thins MoS2 flakes on the substrate down to the last one or 
two monolayers under optimized etching conditions. The process is self-
limiting to some degree and the technique can be applied to thick flakes (> 
200 nm). We further demonstrate that the monolayer and bilayer flakes 
obtained by this method retain high electronic quality comparable to that of 
mechanically exfoliated counterparts. 
 
5.2 Experimental procedure 
 Natural single crystals of MoS2 (SPI supplies) were mechanically 
exfoliated onto silicon substrates with 300 nm thermal oxide using the 




HNO3 with the MoS2 flakes in contact with the liquid as schematically shown 
in Figure 5.1.  
 
Figure 5.1 Schematic illustrating the etching of top layers of bulk MoS2 down 
to its monolayer. In a typical experiment, the substrate was placed in contact 
with the top surface of the acid. 
 
 The temperature of HNO3 was kept between 80~90 
o
C and the MoS2 
flakes were allowed to react with the acid over 1 hour. The distribution of the 
etched flakes was found to be non-uniform across the substrate and the yield 
of mono- and bilayers depended on the reaction temperature and time. Lower 
reaction temperatures (≤50 °C) for 1 hour showed no etching while prolonged 
reaction (>50 °C) led to complete etching of monolayers. We found that 
reaction temperature of 80~90 
o
C and reaction time of 1 hour result in a 




was cleaned with deionized water and blow-dried with nitrogen for subsequent 
characterization. Fluorescence images were obtained with a microscope 
(Olympus, BX51) equipped with a mercury lamp as the excitation light source. 
Raman and photoluminescence spectra were obtained using 532 nm excitation 
laser at excitation power of less than 150 μW to avoid sample damage. The 
electrical properties of the samples were studied in a back-gated field-effect 
transistor configuration. Source and drain contacts (50 nm Au/Ti) were 
deposited by thermal evaporation following e-beam lithography. Electrical 
measurements were conducted in nitrogen atmosphere using a parameter 
analyzer (Agilent, BA1500A). 
 
5.3 Results and Discussion 
 
Figure 5.2 Optical image of a thick (> 100 nm) MoS2 flake before (a, d) and 
after (b, e) HNO3 etching. Fluorescence images (c, f) of the etched flakes 
corresponding to the optical images shown in (b) and (e).  
 
Figure 5.2 shows the optical images of thin MoS2 crystals (~100 nm) 
before (a, d) and after (b, e) etching in HNO3. The flakes are clearly reduced in 




reactivity of the edge sites can be attributed to the presence of uncoordinated 
atoms
107
. A slight change in the contrast of the flake suggests reduction in 
thickness also occurred during the reaction. However, the reduction in 
thickness is negligibly small compared to the etching in the lateral direction, 
reflecting the highly anisotropic nature of the process. 
  
5.3.1 Characterisation by Atomic force microscopy (AFM) 
 
Figure 5.3 (a) AFM image showing monolayer and bilayer regions of the 
flakes obtained after etching. (b) Height profile along the line indicated in (a). 
The step height of 0.88 nm and 0.79 nm agree well with the thickness of 
monolayer MoS2. 
 
To our surprise, the etching process yielded atomically thin flakes that 
were remains of the original flake. We found that these flakes luminesce in red 
(Figure 5.2c and 5.2f) under excitation by a green light (~540 nm). This red 
photoluminescence is a signature of monolayer MoS2, which is a direct gap 
semiconductor with a band gap of about 1.9 eV, and indicates that the residual 
flakes are indeed monolayer MoS2. Height analysis by AFM revealed that the 
thinnest flakes were ca 0.8 nm thick, comparable to the thickness of 
monolayer MoS2 (0.67 nm). We found that most of the residual flakes were 




with both monolayer and bilayer regions. These flakes were up to 10 μm in 
lateral size. 
 
5.3.2 Characterisation by Raman and PL spectroscopy 
 
Figure 5.4 Raman (a, b) and photoluminescence spectra (c, d) showing 
comparison of monolayer (a, c) and bilayer (b, d) samples obtained from wet 
chemical etching and mechanical exfoliation.  
 
The Raman spectra of chemically etched and mechanically exfoliated 
flakes are compared in Figure 5.4a and 5.4b. The spectra are nearly identical 
for both monolayer and bilayer samples with the two characteristic Raman 
modes    
  (or formally E’) and A1g (or A1) appearing at the same frequencies 
and exhibiting similar peak widths.  The Raman signature of MoO3
108
, which 
typically exhibits a strong peak near 820 cm
-1
, was not observed. These 




preserved in chemically etched samples despite the exposure to a strongly 
oxidizing condition. 
Similar comparison of the photoluminescence spectra is presented in 
Figure 5.4c and 5.4d. Chemically etched monolayer MoS2 exhibits distinct 
emission peak at 662 nm in agreement with the known optical gap of 
monolayer MoS2
109, 3
. Compared to the emission spectrum of mechanically 
exfoliated monolayer, the emission peak of the etched sample is slightly blue-
shifted and the emission intensity is enhanced by an order of magnitude. These 
observations suggest that the chemically etched sample is less electron-doped. 
This can be attributed to the oxidizing effect of HNO3 that leads to the 
withdrawal of electrons from the typically electron-rich MoS2
110
. Since the n-
type behaviour of MoS2 is likely to be caused by sulfur vacancies, we attribute 
the observed weaker n-type doping to the passivation of the sulfur vacancies 
by oxidation. Bilayer samples obtained by etching exhibited emission intensity 
similar to that of mechanically cleaved pristine samples. This is in agreement 
with the earlier work which reported that the photoluminescence intensity of 
bilayer MoS2 is not strongly susceptible to doping
111
. 
In order for the bottom monolayers to survive the etching process, the 
heat from the acid needs to be dissipated efficiently. Since the substrate is in 
contact with the air and is at a lower temperature than the acid, the substrate 
acts as a heat sink for the bottom layers that are in contact with the substrate. 
The etching rate of the bottom layers therefore depends on the heat dissipation 
efficiency. This is similar to the case of laser-induced thinning where rapid 
heat dissipation by the substrate plays an important role
104
. To study this effect, 




HNO3, thereby keeping the substrate at the same temperature as the acid and 
avoiding heat sink effect. This resulted in the same lateral etching of the flakes 
but did not yield monolayers, therefore supporting our hypothesis. In other 
words, the heat gradient along the c-axis of the MoS2 crystal, which is 
determined by the substrate heat dissipation rate, is responsible for the slower 
etching of the bottom monolayers. To achieve larger monolayer flakes with 
this method, further optimization of heat dissipation needs to be considered. 
 
5.3.3 FET device characteristics 
 
Figure 5.5 Electrical properties of field-effect transistors fabricated with 
etched monolayer samples. (a) Optical image of a typical monolayer MoS2 
device. Inset shows the optical image of the monolayer MoS2 flakes before 
device fabrication. Scale bar: 10 µm. (b) Output curves of the device at 
different gate voltages. (c) Comparison of the transfer characteristics of a 
chemically etched sample and that of a mechanically exfoliated sample. (d) 






Field-effect transistors with chemically etched monolayer MoS2 
(Figure 5.5a) exhibited device performance that is comparable to that of 
devices fabricated with mechanically exfoliated counterparts. The linear 
behaviour of Id-Vd output curves shown in Figure 5.5b indicates good ohmic 
contact. The transfer characteristics (Figure 5.5c) shows a typical n-type 
behaviour commonly observed in exfoliated samples
10
. The on-state device 
conductance of the etched samples was comparable to that of mechanically 
exfoliated samples. It is worth noting that the threshold voltage is shifted 
towards the positive gate voltages for the etched samples, indicating weaker n-
type character. This behaviour is in agreement with the photoluminescence 
results, which showed lower electron doping in the etched samples. We 
studied over 10 different samples and found that all devices consistently 
showed similar behaviours. As discussed above, we speculate that the sulfur 
vacancies, which are expected to give rise to the n-type behaviour of MoS2
112
, 
were passivated through oxidation by HNO3. It should be noted that the 
weaker n-type doping is preserved even after annealing at 200°C for 2 hours in 
nitrogen atmosphere, suggesting that the effect is unlikely to be due to 
physisorbed species. Figure 5.5d shows the contact resistance as a function of 
gate voltage. At high gate voltages, the contact resistance of 17 kΩ·µm, which 
is comparable to the reported values
113
, was achieved. These results further 
verify the high quality of the monolayer MoS2 obtained by wet chemical 
etching. 
Carrier mobility is one of the key figures of merits for evaluating the 




extracted from the transfer curve assuming a linear change of conductance 
with charge carrier density in the on-state:  







                                    (1)          
Here, Cox = 12 nF/cm
2
 is the back gate capacitance per unit area and L and W 
represent the length and width of the channel, respectively. The calculated 
mobility was found to be 30~50 cm
2
/Vs, which is comparable to that obtained 
from our mechanically exfoliated monolayer MoS2. Comparison of 2-terminal 
and 4-terminal measurements revealed that we underestimate the mobility in 
2-terminal devices due to contact resistance
113
 (Figure 5.6). In 4-terminal 




Figure 5.6 (a) Comparison of the device performance measured in 2-terminal 
and 4-terminal configurations. (b) Field-effect mobility as a function of gate 
voltage. It can be seen that 2-terminal measurements result in underestimation 
of field-effect mobility.  
 
5.3.4 Possible chemical reaction mechanism 
Finally, we discuss the possible mechanism behind the thinning of bulk 
MoS2 crystals down to single monolayer. The etching process relies on the 
oxidizing power of HNO3. When sufficient heat is provided, HNO3 reacts with 
MoS2 at the edges to form MoO3. The oxide can further react with HNO3 to 















                                                          (3) 
The formation of MoO3 as an intermediate product was verified in a 
modified experiment where the MoS2 flakes were exposed to hot vapour of 
HNO3. In this experiment, the spontaneous dissolution of MoO3 into the liquid 
phase is prevented. Indeed, we observed numerous particles of MoO3 as 
confirmed by Raman spectroscopy (Figure 5.7c and 7d). We found that these 
MoO3 particles dissolve in NaOH (Figure 5.7a and 7b). 
 
Figure 5.7 (a) Typical optical image of MoS2 exposed to vapours of HNO3 
resulting in the formation of numerous particles of MoO3. (b) Typical optical 
image showing the dissolution of MoO3 upon cleaning with NaOH (Blue 
regions indicate the remnants of MoS2). (c) Raman spectrum of MoO3 
obtained after etching with vapours of HNO3. (d) Raman Spectrum of MoO3 





5.4 Etching with HCl and H2SO4 
 Apart from HNO3, minerals acids such as HCl and H2SO4 are known 
to be good oxidising agents. So, we have also worked on HCl and H2SO4 to 
check their etching behaviour towards MoS2 at 80 °C for 1hr. However, no 
etching of MoS2 with HCl and H2SO4 was observed in our experiments.  
 The primary requisite for etching is to break Mo-S bonds and also need 
oxygen donating group so that sulphur is removed as SO2 and Mo as MoO3. 
HCl doesn’t contain oxygen in the anionic structure and in a reaction if one 
reactant gets oxidised the other has to get reduced. In the case of HNO3, 
nitrogen is in +5 oxidation state and gets reduced to +2 or +4 by forming NO 
or NO2 while oxidising Mo in MoS2 from +4 to +6 oxidation state. However 
Chlorine in HCl is in -1 oxidation state and no compound of chlorine has been 
reported so far with -2 oxidation state. So, there is no scope for reduction in 
case of HCl while oxidising MoS2 to MoO3 and SO2. Thus the absence of 
oxygen in the structure and non-reducing capacity of Cl
-
 may be responsible 
for the non-etching behaviour of HCl towards MoS2. 
 H2SO4 has oxygen donating groups in its anionic structure similar to 
HNO3. Sulfur in H2SO4 is in +6 oxidation state and can reduce to form SO2 
wherein sulfur is in +4 oxidation state. However etching was not observed 
with conc.H2SO4 which may be attributed to bulkiness and non-planar 




anion. On the other hand, HNO3 is a planar 
molecule and may access the Mo at the edges easily and oxidise MoS2 to 




5.5 Etching of other LTMDs with HNO3 
 The etching capability of HNO3 is also checked with other LTMDs 
like MoSe2 and WSe2. Both the crystals were grown by chemical vapour 
transport (CVT) method.  
 
Figure 5.8 Optical images of MoSe2 before (b) and after (b) treatment with 
HNO3. Scale bar is 10µm. 
 
 Unlike the reactivity of HNO3 with MoS2 at the edges, the reactivity of 
HNO3 with MoSe2 was observed to be different. As can be seen in Figure 5.8b, 
HNO3 reacted with MoSe2 at the basal planes (centre) rather than at the edges 
and formed hexagonal pits in the flake. We have also observed some flakes 
being unaffected upon treatment with HNO3. This indicates the etching of 
MoSe2 along crystallographic planes rather than random etching. The 
reactivity at the basal planes may be mainly at the selenium defect sites where 
Mo atoms are exposed. The etching process didn’t leave any remnants of 
MoSe2 unlike in case of MoS2.  
 Etching of WSe2 with HNO3 was also performed under similar 
experimental conditions employed for MoS2 and MoSe2. As evident from 
Figure 5.9, the etching process left no remnants of mono or bilayers. This may 




selenium is bigger compared to sulfur. Thus the fragments of MoSe2 formed 
may have reacted quickly with HNO3 to form MoO3 and SeO2. The absence of 
hexagonal pits at the basal planes indicates the non-defective nature.  
 
Figure 5.9 Optical images of WSe2 before (b) and after (b) treatment with 
HNO3. Scale bar is 10µm. 
 
5.6 Chapter summary 
In summary, we have designed a facile wet chemical method for 
thinning MoS2 crystals down to mono- and bilayers. We showed that hot 
concentrated HNO3 reacts with the edge sites of MoS2 and etches the material 
through oxidation. We attribute the formation of mono- and bilayer sheets to 
the heat sink effect of the substrate, which significantly lowers the etching rate 
for the bottom layers. Raman and photoluminescence spectroscopy along with 
electrical characterization of these flakes revealed that they preserve their 
crystal and chemical structure. Experiments with mineral acids, HCl and 
H2SO4 showed no etching effect on MoS2 due to the non-reducing nature of 
the Cl
-
 ion and non-planar chemical structure (SO4
2-
) respectively. Etching of 
MoSe2 and WSe2 with HNO3 left no remnants indicating the weak metal-
selenium bonds. Our wet chemical top-down approach represents a new 





CHAPTER 6  Conclusions and Future outlook 
 
 LTMDs are well-known for their variations in the crystal symmetry 
and atomic coordination. LTMDs like MoS2 are known to exist in a variety of 
forms generated by chemical dopants (n-BuLi, LiBH4, etc). We have 
performed the qualitative study on the phase transformation in molybdenum 
disulfide crystals induced with n-BuLi from pristine 2H phase to ZT phase and 
its stability, reversibility upon annealing by Raman and Photoluminescence 
(PL) spectroscopy. Treatment of MoS2 with n-BuLi for 2hours on varied 
number of layers from bilayer to multilayer resulted in the emergence of J-
peaks indicates the phase transformation from 2H to ZT phase (chapter 3).  
 Phase transformation in bi to multilayer MoS2 is observed to begin 
from the edges of the flakes and proceeds to the centre. This behaviour may be 
attributed to the structure of MoS2. The first step in the process of phase 
transformation is electron transfer from butyl anion to positive Molybdenum 
metal atom. The basal planes of MoS2 crystal has Mo atoms shielded by sulfur 
thus making them inert to electron donors. However, the edges have exposed 
Mo atoms thus making them prime targets for electron donation. The negative 
charges on the crystal pulls the Lithium ion electrostatically into the van der 
Waals gap present between the layers. The added electron destabilises the 
trigonal prismatic coordination (2H) and changes the crystal structure to 
octahedral (1T). Further doping and de-doping results in ZT phase. The 
presence of weak A1g and    
  peaks along with J-peaks indicate the phase 
transformation is partial and consists of mixture of phases (2H and ZT). 




metallic. The red shift of A1g and    
  peaks indicate the strain built up due to 
phase change.  
 Retention of some of J-peaks and increased intensity of A1g and    
   
peaks upon annealing to 200-300 °C indicates the metastable nature of the ZT 
phase that can transform partially back to the 2H- phase. Non-recovery of PL 
after annealing indicates the defective or disordered nature of "phase- 
transformed" samples. FET device characteristics of chemically treated few 
layered samples showed decreased conductance, may be attributed to cracks 
and defects in the MoS2 crystals which may be due to the violent reactivity of 
ethanol with LixMoS2.  
 Monolayer MoS2 is observed to behave differently compared to bi- and 
multilayers on treatment with n-BuLi. No strong J-peaks and no major change 
in intensity of A1g and    
   peaks observed in the case of monolayer indicating 
the resistance or inertness towards phase transformation. This may be due to 
the absence of scope for intercalation of Lithium into the van der Waals gap 
unlike in the case of bi to multilayers. No red shift is observed in A1g and    
   
peaks of monolayers further supporting the absence of strain which otherwise 
is caused by phase transformation as observed in n-BuLi treated bi- and 
multilayer MoS2 flakes. 
 Periodic distortion of crystal lattice and an extended metal-metal 
bonding network found in some crystal phases of layered transition metal 
oxides and chalcogenides have attracted significant interest owing to their rich 
chemical and physical properties. Intercalation and exfoliation of bulk WS2 
powders with LiBH4 resulted in the monolayers of WS2 with ZT phase 




The presence of superlattice spots in the FFT patterns indicates the decreased 
bond length between the metal atoms in comparison with the pristine 2H phase. 
The unidirectional ZT-WS2 is observed to be unstable under the electron beam 
and rearranges into three distinct orientations separated by an angle of 60° 
with respect to the other. The number of orientations in a particular location 
can also be inferred from the number of superlattice spots. Each pair of 
superlattice spots corresponds to one orientation of ZT-WS2.  
 A close examination of orientation change in ZT structure is observed 
to proceed through tetramer cluster of metal atoms which is akin to the 
diamond phase (DT) observed in ReS2 and ReSe2 naturally. Our first 
principles calculations show that some electron charge is required to form 
tetramer clusters from ZT structure and this electron charge would have come 
from electron beam or ionised species on the surface. Nudged elastic band 
(NEB) calculation predict the activation energy required for formation of DT 
clusters from ZT-WS2 is ~0.1eV is thought to be provided by the electron 
beam. 
 In case of ZT-WS2, each metal atom is bonded to two other metal 
atoms whereas in case of DT- WS2, each metal atom is bonded to three other 
neighbouring metal atoms. Bond order calculation from crystal orbital overlap 
population (COOP) curves gives an insight into the formation of extra metal-
metal bond. The extra charge on ZT-WS2 resulted in the weakening of W-S 
bond with a concomitant strengthening of W-W bond. Thus the observed 
tetramer cluster in ZT –WS2 upon electron beam irradiation can be attributed 





 Apart from zigzag chain reorientation, ZT-to-2H and ZT-to-1T phase 
transformations were also observed albeit less frequently. ZT-to-2H phase 
transformation was observed mainly observed in the damage area. 
Transformation from ZT phase to 1T phase was observed to proceed in rows 
of metal atoms. 
 In chapter 5, we have studied the etching behaviour of concentrated 
nitric acid (HNO3) in thinning down few layered MoS2 to mono and bilayers 
or mixture of both (as confirmed from AFM analysis). In this, the MoS2 
crystals were exfoliated on Si/SiO2 using scotch tape and suspended upside 
down on HNO3. The temperatures between 80~90 
o
C and reaction time of 1 
hour resulted in reasonable yield of thinned flakes. Reaction at low 
temperatures (≤50 °C) for 1 hour showed no etching and prolonged reaction 
resulted in complete etching.  
 Similar to the phase transformation observed in MoS2 with n-BuLi 
proceeded from edges through to the centre, the process of thinning MoS2 with 
HNO3 also initiated from the edges through the formation of MoO3. The 
remnants of mono and bilayer MoS2 left behind during etching is attributed to 
the heat-sink effect of the substrate. The obtained samples were studied by 
optical spectroscopy for a quality check in comparison with the mechanically 
exfoliated mono and bilayers. Raman spectra showed no difference in 
frequencies and width indicating the crystal structure is well preserved in 
chemically etched samples. The absence of characteristic peak of MoO3 at 820 
cm
-1
 indicates the well preserved MoS2 lattice. 
 The PL emission of chemically etched monolayer samples is slightly 




indicating the less-electron doping compared to pristine monolayer. Oxidising 
nature of HNO3 is thought to be responsible for this behaviour. This was 
further supported by the shift of threshold voltage towards positive gate 
voltages as observed from the fabricated FET device. The linear behaviour of 
Id-Vd output curves, on-state device conductance, carrier mobility values 
(30~50 cm
2
/Vs) are comparable to that of mechanically exfoliated samples 
indicate the electronic quality of chemically etched samples is unaltered. The 
emission intensity of chemically etched bilayer samples is similar to that of 
mechanically exfoliated samples suggesting that the bilayers are not 




6.1 Future outlook 
 Some of the observations in the thesis can be investigated further to 
understand their behaviour and take them to the practical application. For e.g. 
it was observed that the 1T, DT and ZT phases of MoS2 and WS2 are 
metastable and converts to stable 2H phase upon annealing or leaving at room 
temperature for months. This instability hampers their use in practical 
application. 1T, DT and ZT phases are generally observed upon doping with 
n-BuLi or LiBH4 and during the process the crystal structure is heavily 
destroyed. So far the correlation between the percentage of doping and 
polymorph formed has not been experimentally proven as doping by chemical 
reagents is uncontrollable. Electron doping can also be induced by substitution 
of Mo or W atoms with Rhenium (Re) atom and a good correlation may be 
drawn between doping and polytype formed. Rhenium has one extra valence 




reagents like n-BuLi. The stability of 1T, DT and ZT phases can be studied by 
varying the percentage of Re substitution in MoS2 from 0-100%.    
 Chemical exfoliation of WS2 with LiBH4 results in the formation of ZT 
phase and the charge on it is debatable (d
2+x
) and has not been imaged 
qualitatively and quantitatively so far. This is mainly because the charge is in 




 ions which are very small and can’t be observed by 
HAADF-STEM. The experiment can be modified so that the charge is retained 
in the form of species that can be imaged. For e.g. use of caesium (Cs) as an 
intercalant instead of Lithium renders the charge identification and 
quantification by STEM imaging. All the alkali metals are highly reactive with 
water or moisture and the last step in the exfoliation of WS2 is reacting alkali 
metal intercalated sample with water and during this process the alkali metal 
ion gets exchanged with H
+
 ion. This step must be avoided and the Cs 
intercalated sample must be prepared without exposure to atmosphere or water 
and imaged using HAADF-STEM. Charge mediated lattice dynamics can also 
be observed and may also give insight into the polymorphs observed from 
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